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MULTIPLEXED SEQUENTIAL LIGATION-BASED DETECTION OF GENETIC

VARIANTS

FIELD OF THE INVENTION
[0001] This invention relates to methods for multiplexed sequential ligation-based

analysis of nucleic acid regions of interest.

RELATED APPLICATIONS
[0002] This application claims priority to USSNs 61/673,337, filed July 19, 2012 and
61/708,334, filed October 1, 2012.

BACKGROUND OF THE INVENTION

[0003] In the following discussion certain articles and methods will be described for
background and introductory purposes. Nothing contained herein is to be construed as
an “admission” of prior art. Applicant expressly reserves the right to demonstrate, where
appropriate, that the articles and methods referenced herein do not constitute prior art
under the applicable statutory provisions.

[0004] Genetic abnormalities account for a wide number of pathologies, including
syndromes caused by chromosomal aneuploidy (e.g., Down syndrome) and those caused
by germline mutations resulting in either monogenic or polygenic diseases or disorders.
Diagnostic methods for determining genetic anomalies have become standard techniques
for identifying specific syndromes, diseases and disorders. In particular, prenatal
diagnostics have become standard practice in high-risk populations to determine the
presence or absence of certain disorders. Detection of both gross chromosomal
abnormalities, such as trisomies, translocations and large insertions or deletions, and
single gene traits, such as single gene mutations or polymorphisms associated with Rh
blood group status, autosomal dominant or X-linked disorders, or autosomal recessive
disorders are useful in detecting actual and potential pathologies and disorders that may
affect a fetus. For example, chromosomal abnormalities such as trisomies 13, 18, and
21, the Robertsonian translocations associated with certain forms of Down syndrome and
other syndromes, and larger deletions such as those found on chromosome 22 in

DiGeorge syndrome all impact significantly on fetal health.
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[0005] Similarly, detection of single gene disorders in a fetus, e.g., mutations in genes
causing Tay-Sachs disease, sickle cell anemia, and thalassemia or copy number variants
in diseases such as spinal muscular atrophy (SMA), may help parents to make important
decisions regarding the health and care of the child. In addition, genetic status associated
with blood group system status provides important information for maternal and/or and
fetal health, and in many instances such knowledge provides an opportunity for
intervention to prevent any deleterious outcomes in the pregnancy or immediately
following birth.

[0006] Although conventional technology provides detection methods for these different
genetic abnormalities, currently different techniques are required to interrogate different
classes of mutations. Conventional methods of prenatal diagnostic testing for
chromosomal aneuploidy currently requires removal of a sample of fetal cells directly
from the uterus for genetic analysis, using either chorionic villus sampling (CVS)
between 11 and 14 weeks gestation or amniocentesis after 15 weeks. However, these
invasive procedures carry a risk of miscarriage of around one percent (see Mujezinovic
and Alfirevic, Obstet. Gynecol., 110:687-694 (2011)). Current analysis of fetal cells
typically involves karyotyping or fluorescent in situ hybridization (FISH) and does not
provide information about single gene traits; thus, additional tests are required for
identification of single gene diseases and disorders. Therefore, a mother desiring genetic
information on the status of her fetus must undergo multiple tests to test for various
genetic abnormalities.

[0007] Methods providing accurate quantification of non-polymorphic factors such as
genetic copy number variations with simultaneous identification of genetic
polymorphisms or mutations in a maternal sample would be a powerful tool to identify,
e.g., potential medical complications in a mother and her fetus. Alternatively or in
addition, the methods of the invention can be applied to mixed samples such as those
comprising host/pathogen or host/transplant nucleic acids. The present invention

addresses this need.

SUMMARY OF THE INVENTION
[0008] This Summary is provided to introduce a selection of concepts in simplified form
that are further described below in the Detailed Description. This Summary is not
intended to identify key or essential features of the claimed subject matter, nor is it

intended to be used to limit the scope of the claimed subject matter. Other features,
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details, utilities, and advantages of the claimed subject matter will be apparent from the
following written Detailed Description including those aspects illustrated in the
accompanying drawings and defined in the appended claims.

[0009] The present invention provides improved methods and systems for multiplexed
sequential ligation-based analysis of genetic variations. The methods of the invention
allow for amplification of regions of interest from chromosomes and/or reference
chromosomes to detect chromosomal abnormalities such as aneuploidies, large insertions
or deletions, and polymorphisms from the same or different regions of interest.
Alternatively or in addition, the methods of the invention can be applied to mixed
samples such as those comprising host/pathogen or host/transplant nucleic acids. The
methods of the invention utilize sequential hybridization, elongation (optional), ligation
and amplification reactions of an initial set of oligonucleotide probes and of at least one
subsequent set of oligonucleotide probes in the same locus or region of interest. Using
these methods in a sequential manner with two sets of oligonucleotide probes allows for
increased fidelity and confidence in the accuracy of the genetic information obtained
from each region of interest.

[00010]  In some embodiments, the invention provides a method for identifying a genomic
region of interest from a single source in a sample comprising DNA from two different
sources, comprising the steps of: providing a sample comprising DNA from two different
sources; introducing to the sample a first set of oligonucleotide probes comprising a first
fixed sequence oligonucleotide complementary to a 3' region in a genomic region of
interest and a second fixed sequence oligonucleotide complementary to a 5' region in the
genomic region of interest; hybridizing the first set of oligonucleotide probes to the
genomic region of interest in the sample; ligating the hybridized oligonucleotides of the
first set of oligonucleotide probes to create first ligation products complementary to the
genomic region of interest; introducing to the first ligation products a second set of
oligonucleotide probes comprising a first fixed sequence oligonucleotide complementary
to a 3' region in the first ligation product and a second fixed sequence oligonucleotide
complementary to a 5' region in the first ligation product; hybridizing the second set of
oligonucleotide probes to the first ligation products; ligating the hybridized
oligonucleotides of the second set of oligonucleotide probes to create second ligation
products complementary to the first ligation products; amplifying the second ligation

products to create amplification products; and analyzing the amplification products,
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wherein the analysis of the amplification products identifies the genomic region of
interest from the single source in the sample.

[00011] In some aspects of this embodiment, the first set of oligonucleotide probes further
comprises one or more bridging oligonucleotides that hybridize to the genomic region of
interest between and adjacent to the first and second fixed sequence oligonucleotides of
the first set of oligonucleotide probes, and in the same or other aspects, the second set
further comprises one or more bridging oligonucleotides that hybridize to the first
ligation products between and adjacent to the first and second fixed sequence
oligonucleotides of the second set of oligonucleotide probes.

[00012] In other aspects of this embodiment, the oligonucleotides of the first set of
oligonucleotide probes and/or the second set of oligonucleotide probes are
complementary to non-adjacent regions in the genomic region of interest, and the region
between the first fixed sequence oligonucleotide and the second fixed sequence
oligonucleotide of the first and/or second set is extended with a polymerase and dN'TPs
to create contiguously complementary oligonucleotides. In an alternative aspect, the
fixed sequence oligonucleotides of the first set and/or second set of oligonucleotide
probes are complementary to adjacent regions in the genomic region of interest.

[00013] In some aspects of this embodiment, at least one fixed sequence oligonucleotide
of the second set of oligonucleotide probes comprises a complementary region that
overlaps a ligation junction of the first ligation products, and in other aspects, both the
first and second fixed sequence oligonucleotides of the second set of oligonucleotide
probes comprise a complementary region that overlaps with a ligation junction of the
first ligation products. In yet other aspects, at least one fixed sequence oligonucleotide
of the second set of oligonucleotide probes comprises the region of a fixed sequence
oligonucleotide of the first set of oligonucleotide probes that is complementary to the
genomic region of interest, and in other aspects, both fixed sequence oligonucleotides of
the second set of oligonucleotide probes comprise a region of the fixed sequence
oligonucleotides that is complementary to the genomic region of interest.

[00014]  Other embodiments of the invention provide a method for identifying a genomic
region of interest from a single source in a sample comprising DNA from two different
sources, comprising the steps of: providing a sample comprising DNA from two different
sources; introducing to the sample a first set of oligonucleotide probes comprising a first
fixed sequence oligonucleotide complementary to a 3' region in a genomic region of

interest, a second fixed sequence oligonucleotide complementary to a 5' region in the
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genomic region of interest, and one or more bridging oligonucleotides that hybridize to
the genomic region of interest between and adjacent to the first and second fixed
sequence oligonucleotides of the first set of oligonucleotide probes; hybridizing the first
set of oligonucleotide probes to the genomic region of interest in the sample; ligating the
hybridized oligonucleotides of the first set of oligonucleotide probes to create first
ligation products complementary to the genomic region of interest; introducing to the
first ligation products a second set of oligonucleotide probes comprising a first fixed
sequence oligonucleotide complementary to a 3' region in the first ligation product, a
second fixed sequence oligonucleotide complementary to a 5’ region in the first ligation
product, and one or more bridging oligonucleotides that hybridize to the first ligation
product between and adjacent to the first and second fixed sequence oligonucleotides of
the second set of oligonucleotide probes; hybridizing the second set of oligonucleotide
probes to the first ligation products; ligating the hybridized oligonucleotides of the
second set to create second ligation products complementary to the first ligation
products; amplifying the second ligation products to create amplification products; and
analyzing the amplification products, wherein analysis of the amplification products
identifies the genomic region of interest from the single source in the sample.

[00015]  Yet other embodiments of the invention provide a method for identifying a
genomic region of interest from a single source in a sample comprising DNA from two
different sources, comprising the steps of: providing a sample comprising DNA from two
different sources; introducing to the sample a first set of oligonucleotide probes
comprising a first fixed sequence oligonucleotide complementary to a 3' region in a
genomic region of interest and a second fixed sequence oligonucleotide complementary
to a 5' region in the genomic region of interest, wherein the first and second fixed
sequence oligonucleotides are complementary to non-adjacent regions in the genomic
region of interest; hybridizing the first set of oligonucleotide probes to the genomic
region of interest in the sample; extending the region between the first fixed sequence
oligonucleotide and the second fixed sequence oligonucleotide of the first set of
oligonucleotide probes with a polymerase and dN'TPs to create contiguously hybridized
oligonucleotides of the first set of oligonucleotide probes complementary to the genomic
region of interest; ligating the contiguously hybridized oligonucleotides of the first set to
of oligonucleotide probes create first ligation products complementary to the genomic
region of interest; introducing to the first ligation products a second set of

oligonucleotide probes comprising a first fixed sequence oligonucleotide complementary
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to a 3' region in the first ligation product and a second fixed sequence oligonucleotide
complementary to a 5' region in the first ligation product, wherein the first and second
fixed sequence oligonucleotides are complementary to non-adjacent regions in the first
ligation product; hybridizing the second set of oligonucleotide probes to the first ligation
products; extending the region between the first fixed sequence oligonucleotide and the
second fixed sequence oligonucleotide of the second set with a polymerase and dNTPs to
create contiguously hybridized oligonucleotides of the second set of oligonucleotide
probes complementary to the first ligation product; ligating the contiguously hybridized
oligonucleotides of the second set of oligonucleotide probes to create second ligation
products complementary to the first ligation products; amplifying the second ligation
products to create amplification products; and analyzing the amplification products,
wherein the analysis of the amplification products identifies the genomic region of
interest from the single source in the sample.

[00016]  Yet other embodiments provide a method for identifying genetic variations in one
or more genomic regions of interest, comprising the steps of: providing a nucleic acid
comprising at least one region of interest from a sample that comprises nucleic acids
from two or more sources; introducing at least one initial set of oligonucleotide probes
comprising a first fixed sequence oligonucleotide probe that anneals 5' in the region of
interest, a second fixed sequence nucleotide probe that anneals 3' in the region of interest
and a bridging oligonucleotide probe that anneals between the first and second fixed
oligonucleotide probes; extending the first fixed sequence oligonucleotide probe if it
does not hybridize contiguously to the bridging oligonucleotide probe; extending the
bridging oligonucleotide probe if it does not hybridize contiguously to the second fixed
oligonucleotide probe; ligating the hybridized oligonucleotide probes from the initial set
of oligonucleotide probes to create first ligation products complementary to the region of
interest; introducing at least one subsequent set of oligonucleotide probes comprising a
first fixed sequence oligonucleotide probe that anneals 5' in the first ligation products, a
second fixed sequence nucleotide probe that anneals 3’ in the first ligation products and a
bridging oligonucleotide probe that anneals between the first and second fixed
oligonucleotide probes in the first ligation products; extending the first fixed sequence
oligonucleotide probe of the subsequent set of oligonucleotide probes if it does not
hybridize contiguously to the bridging oligonucleotide probe of the subsequent set of
oligonucleotide probes; extending the bridging oligonucleotide probe of the subsequent

set of oligonucleotide probes if it does not hybridize contiguously to the second fixed
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oligonucleotide probe of the subsequent set of oligonucleotide probes; ligating the
hybridized oligonucleotide probes from the second set of oligonucleotide probes to
create second ligation products complementary to the first ligation products; amplifying
the second ligation products; and analyzing the amplification products, wherein the
analysis of the amplification products identifies the genetic variations in one or more
regions of interest. In some aspects, the bridging oligonucleotide of the initial set of
oligonucleotide probes hybridizes immediately contiguous to and between the between
the first and second fixed oligonucleotide probes of the initial set of oligonucleotide
probes, and in some aspects, one or both of the first fixed sequence oligonucleotide and
the bridging oliogonucleotide of the initial set of oligonucleotide probes is extended
following hybridization using dNTPs and a DNA polymerase to provide contiguously
hybridized fixed and bridging oligonucleotide probes in the initial set of oligonucleotide
probes. In some aspects, the bridging oligonucleotide of the subsequent set of
oligonucleotide probes hybridizes immediately contiguous to and between the between
the first and second fixed oligonucleotide probes of the subsequent set of oligonucleotide
probes, and in some aspects, one or both of the first fixed sequence oligonucleotide and
the bridging oliogonucleotide of the subsequent set of oligonucleotide probes is extended
following hybridization using dNTPs and a DNA polymerase to provide contiguously
hybridized fixed and bridging oligonucleotide probes in the subsequent set of
oligonucleotide probes.

[00017] In yet other embodiments, the invention provides a method for identifying
genetic variants in one or more genomic regions of interest, comprising the steps of:
providing DNA comprising the at least one region of interest from a sample that
comprises DNA from two or more sources; introducing at least one initial set of
oligonucleotide probes comprising a first fixed sequence oligonucleotide probe that
anneals 5' in the region of interest, a second fixed sequence nucleotide probe that anneals
3" in the region of interest; extending the region between the first fixed sequence
oligonucleotide probe and the second fixed sequence oligonucleotide probe of the initial
set if they do not hybridize contiguously with a polymerase and dNTPs to create
continguously hybridized oligonucleotide probes from the initial set; ligating the
continguously hybridized oligonucleotide probes from the initial set of oligonucleotide
probes to create first ligation products complementary to the region of interest, with a
ligation junction corresponding to the site of ligation between the first fixed sequence

oligonucleotide probe from the initial set; introducing at least one subsequent set of
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oligonucleotide probes comprising a first fixed sequence oligonucleotide probe that
anneals 5' in the first ligation products, a second fixed sequence nucleotide probe that
anneals 3' in the first ligation products wherein the first and second fixed sequence
nucleotide probes are separated by one or more bases; extending the region between the
first fixed sequence oligonucleotide probe and the second fixed sequence oligonucleotide
probe of the subsequent set if they do not hybridize contiguously with a polymerase and
dNTPs to create contiguously hybridized oligonucleotide subsequent probes; ligating the
contiguously hybridized subsequent oligonucleotide probes to create second ligation
products complementary to the first ligation products with a second ligation junction
corresponding to the site of ligation between the first fixed sequence oligonucleotide
probe and the second fixed sequence oligonucleotide probe of the subsequent set of
oligonucleotide probes, wherein the first and second ligation junctions are different
relative to one another in the second ligation products; amplifying the second ligation
products; and analyzing the amplification products, wherein the analysis of the
amplification products will identify genetic variants in one or more genomic regions of
interest. In some aspects, the ligation junctions of the initial set of oligonucleotide
probes and the subsequent set of oligonucleotide probes are the same, and in some
aspects they are different.

[00018] In some aspects of these embodiments, the methods of the invention further
comprise a step of amplifying the first ligation products after the first ligating step and
before the second introducing step, where in some aspects, the amplification is linear,
and in others the amplification is exponential.

[00019] In most aspects of these embodiments, the method is multiplexed; that is,
performed on two or more genomic regions of interest from the single source, including
at least 24, 48, 92, 180, 360, 500 or more genomic regions of interest from the single
source.

[00020] In some aspects of these embodiments, the subsequent or second ligation
products are amplified by linear amplification methods, and in other aspects, the
subsequent or second ligation products are amplified by exponential amplification
methods.

[00021] In some aspects of these embodiments, the fixed sequence oligonucleotides of
one or more sets of oligonucleotide probes are unimolecular probes.In some aspects, the

first and second fixed sequence oligonucleotide probes of one or both of the initial and
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subsequent sets of oligonucleotides probes are linked together in one molecule as
precircle probes.
[00022]  These and other aspects, features and advantages will be provided in more detail

as described herein.

BRIEF DESCRIPTION OF THE FIGURES

[00023] Tigure 1A is a simplified schematic of one embodiment of the multiplexed
sequential ligation-based analysis methods of the present invention. Figure 1B, schemes
(i) through (iv) and (vi) show alternative embodiments for positioning of the subsequent
set of oligonucleotide probes vis-a-vis the initial set of oligonucleotide probes, and
scheme (v) shows an alternative configuration for initial and/or subsequent probe sets
where the fixed sequence oligonucleotide probes of the set are not separate probes.

[00024] Tigure 2 is a simplified schematic of one embodiment of the multiplexed
sequential ligation-based analysis methods of the present invention where two different

regions of interest are being interrogated.

DETAILED DESCRIPTION OF THE INVENTION
[00025] The methods described herein may employ, unless otherwise indicated,
conventional techniques and descriptions of molecular biology (including recombinant
techniques), cell biology, biochemistry, and microarray and sequencing technology,
which are within the skill of those who practice in the art. Such conventional techniques
include polymer array synthesis, hybridization and ligation of oligonucleotides,
sequencing of oligonucleotides, and detection of hybridization using a label. Specific
illustrations of suitable techniques can be had by reference to the examples herein.
However, equivalent conventional procedures can, of course, also be used. Such
conventional techniques and descriptions can be found in standard laboratory manuals
such as Green, et al., Eds., Genome Analysis: A Laboratory Manual Series (Vols. I-1V)
(1999); Weiner, et al., Eds., Genetic Variation: A Laboratory Manual (2007);
Dieffenbach, Dveksler, Eds., PCR Primers: A Laboratory Manual (2003); Bowtell and
Sambrook, DNA Microarrays: A Molecular Cloning Manual (2003); Mount,
Bioinformatics: Sequence and Genome Analysis (2004); Sambrook and Russell,
Condensed Protocols from Molecular Cloning: A Laboratory Manual (2006); and
Sambrook and Russell, Molecular Cloning: A Laboratory Manual (2002) (all from Cold
Spring Harbor Laboratory Press); Stryer, L., Biochemistry (4th Ed.) W.H. Freeman, New
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York (1995); Gait, “Oligonucleotide Synthesis: A Practical Approach” IRL Press,
London (1984); Nelson and Cox, Lehninger, Principles of Biochemistry, 3 Ed., W. H.
Freeman Pub., New York (2000); and Berg et al., Biochemistry, 5t Ed., W.H. Freeman
Pub., New York (2002), all of which are herein incorporated by reference in their
entirety for all purposes. Before the present compositions, research tools and methods
are described, it is to be understood that this invention is not limited to the specific
methods, compositions, targets and uses described, as such may, of course, vary. It is
also to be understood that the terminology used herein is for the purpose of describing
particular aspects only and is not intended to limit the scope of the present invention,
which will be limited only by the appended claims.

[00026] It should be noted that as used herein and in the appended claims, the singular
forms “a,” “an,” and “the” include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a nucleic acid region” refers to one, more
than one, or mixtures of such regions, and reference to “a method” includes reference to
equivalent steps and methods known to those skilled in the art, and so forth.

[00027] Where a range of values is provided, it is to be understood that each intervening
value between the upper and lower limit of that range-and any other stated or
intervening value in that stated range—is encompassed within the invention. Where the
stated range includes upper and lower limits, ranges excluding either of those limits are
also included in the invention.

[00028] All publications mentioned herein are incorporated by reference for all purposes
including the purpose of describing and disclosing formulations and methodologies that
that might be used in connection with the presently described invention.

[00029] In the following description, numerous specific details are set forth to provide a
more thorough understanding of the present invention. However, it will be apparent to
one of skill in the art that the present invention may be practiced without one or more of
these specific details. In other instances, features and procedures well known to those

skilled in the art have not been described in order to avoid obscuring the invention.

Definitions

[00030] The terms used herein are intended to have the plain and ordinary meaning as
understood by those of ordinary skill in the art. The following definitions are intended to
aid the reader in understanding the present invention, but are not intended to vary or

otherwise limit the meaning of such terms unless specifically indicated.
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[00031] The term "amplified nucleic acid” is any nucleic acid molecule whose amount has
been increased more than ten-fold by any nucleic acid amplification or replication
method performed in vitro as compared to its starting amount.

[00032] The term "copy number variation" or "CNV" as used interchangeably herein are
alterations of the DNA of a genome that results in a cell having an abnormal number of
copies of one or more loci in the DNA. CNVs that are clinically relevant can be limited
to a single gene or include a contiguous set of genes. A CNV can also correspond to
relatively large regions of the genome that have been deleted, inverted or duplicated on
certain chromosomes, up to and including one or more additional copies of a complete
chromosome. The term CNV as used herein does not refer to any sequence-related
information, but rather to quantity or "counts" of genetic regions present in a sample.

[00033] The term “diagnostic tool” as used herein refers to any composition or method of
the invention used in, for example, a system in order to carry out a diagnostic test or
assay on a patient sample.

[00034] The term "enrichment" means any method performed in vitro that increases the
level of a nucleic acid molecule at least two-fold as compared to its starting amount.

[00035] The term “L2 amplification” refers to any amplification technique that utilizes two
or more ligation events in the initial or subsequent, rounds of hybridization-ligation-
amplification cycles to a nucleic acid region of interest. Such amplification techniques
include those taught in USSNs 13/013,732, filed January 25, 2011; 13/245,133, filed
September 26, 2011; 13/205,570, filed August 8, 2011; 13/293,419, filed November 10,
2011; 13/205,409, filed August 8, 2011; 13/205,603, filed August 8, 2011; 13/407, 978,
filed February 29, 2012; 13/274,309, filed October 15, 2011; 13/316,154, filed
December 9, 2011, and 13/338, 963, filed December 28, 2011, all of which are
incorporated herein in their entirety.

[00036] The term “hybridization” or “anneal” generally means the reaction by which the
pairing of complementary strands of nucleic acid occurs. DNA is usually double-
stranded, and when the strands are separated they will re-hybridize under the appropriate
conditions. Hybrids can form between DNA-DNA, DNA-RNA or RNA-RNA. They can
form between a short strand and a long strand containing a region complementary to the
short one. Imperfect hybrids can also form, but the more imperfect they are, the less
stable they will be (and the less likely to form).

[00037] The terms “locus” and “loci” as used herein refer to a nucleic acid region of known

location in a genome.
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[00038] The terms “oligonucleotides” or “oligos™ as used herein refer to linear oligomers of
natural or modified nucleic acid monomers, including deoxyribonucleotides,
ribonucleotides, anomeric forms thereof, peptide nucleic acid monomers (PNAs), locked
nucleotide acid monomers (LNA), and the like, or a combination thereof, capable of
specifically binding to a single-stranded polynucleotide by way of a regular pattern of
monomer-to-monomer interactions, such as Watson-Crick type of base pairing, base
stacking, Hoogsteen or reverse Hoogsteen types of base pairing, or the like. Usually
monomers are linked by phosphodiester bonds or analogs thereof to form
oligonucleotides ranging in size from a few monomeric units, e.g., 8-12, to several tens
of monomeric units, e.g., 100-200 or more.

[00039] As used herein the term “polymerase” refers to an enzyme that links individual
nucleotides together into a long strand, using another strand as a template. There are two
general types of polymerase—DNA polymerases, which synthesize DNA, and RNA
polymerases, which synthesize RNA. Within these two classes, there are numerous sub-
types of polymerases, depending on what type of nucleic acid can function as template
and what type of nucleic acid is formed.

[00040] As used herein “polymerase chain reaction” or “PCR” refers to a technique for
replicating a specific piece of target DNA in vifro, even in the presence of excess non-
specific DNA. Primers are added to the target DNA, where the primers initiate the
copying of the target DNA using nucleotides and, typically, Taq polymerase or the like.
By cycling the temperature, the target DNA is repetitively denatured and copied. A
single copy of the target DNA, even if mixed in with other, random DNA, can be
amplified to obtain several to many to billions of copies or replicates. The polymerase
chain reaction can be used to detect and measure very small amounts of DNA and to
create customized pieces of DNA. In some instances, linear enrichment methods may be
used as an alternative to PCR.

[00041] The term “polymorphism™ as used herein refers to any genetic changes in a locus
that may be indicative of that particular loci, including but not limited to single
nucleotide polymorphisms (SNPs), methylation differences, short tandem repeats
(STRs), and the like.

[00042] Generally, a “primer” is an oligonucleotide used to, e.g., prime DNA extension,
ligation and/or synthesis, such as in the synthesis step of the polymerase chain reaction

or in the primer extension techniques used in certain sequencing reactions. Generally, a
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“probe” is used in hybridization techniques, is complementary to a region of interest and
is used to detect a region of interest.

[00043] The term “research tool” as used herein refers to any method of the invention used
for scientific enquiry, academic or commercial in nature, including the development of
pharmaceutical and/or biological therapeutics. The research tools of the invention are not
intended to be therapeutic or to be subject to regulatory approval; rather, the research
tools of the invention are intended to facilitate research and aid in such development
activities, including any activities performed with the intention to produce information to
support a regulatory submission.

[00044] The term “selected nucleic acid region” or “selected sequence” or ‘“region of
interest” as used herein refers to a nucleic acid region corresponding to a locus in a
nucleic acid from a sample that is to be interrogated. Regions of interest may be located
on the same chromosomes or on one or more different chromosomes.

[00045] The terms “selective amplification” and “selectively amplify” and the like refer to
an amplification procedure that depends in whole or in part on hybridization of an
oligonucleotide primer to a sequence in a region of interest or a selected sequence.

[00046] The terms “sequencing” and “sequence determination” and the like as used herein
refer generally to any and all biochemical methods that may be used to determine the
order of nucleotide bases in a nucleic acid.

[00047]  The terms “specifically binds” and “specific binding” and the like as used herein,
when referring to a binding partner (e.g., a nucleic acid primer or probe, antibody, etc.)
results in the generation of a statistically significant positive signal under the designated
assay conditions. Typically the interaction will subsequently result in a detectable signal
that is at least twice the standard deviation of any signal generated as a result of
undesired interactions (background).

[00048] The term “universal” when used to describe an amplification procedure refers to
the use of a single primer or set of primers for a plurality of amplification reactions. For
example, in the detection of 96 different target sequences, all the templates may share
identical universal priming sequences, allowing for the multiplex amplification of the 96
different sequences using a single set of primers. The use of such primers greatly
simplifies multiplexing in that only two primers are needed to amplify a plurality of
selected nucleic acid sequences. The term “universal” when used to describe a priming
site is a site to which a universal primer will hybridize. It should also be noted that

“sets” of universal priming sequences/primers may be used. For example, in highly
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multiplexed reactions, it may be useful to use several sets of universal sequences, rather
than a single set; for example, 96 different nucleic acids may have a first set of universal
priming sequences, and the second 96 nucleic acids may have a different set of universal

priming sequences, etc.

The Invention in General

[00049]  The present invention provides improved methods and systems for multiplexed
sequential ligation-based analysis of genetic variations. The methods of the invention
allow for amplification of regions of interest from chromosomes and/or reference
chromosomes for detection of chromosomal abnormalities such as aneuploidies, copy
number variations, large and small insertions or deletions, rearrangements, single
nucleotide polymorphisms (SNPs), and differences in short tandem repeats (STRs) from
the same or different regions of interest in a mixed sample (e.g., a maternal/fetal sample).
Alternatively or in addition, the methods of the invention can be applied to mixed
samples such as those comprising host/pathogen or host/transplant nucleic acids. The
multiplexed sequential ligation-based analysis methods are applicable to diagnostics and
diagnostic tools, and are applicable to research tools as well.

[00050] The methods of the invention utilize sequential hybridization, elongation
(optional), ligation and amplification reactions of an initial set of oligonucleotide probes
and of at least one subsequent set of oligonucleotide probes in the same locus or region
of interest. Using these methods in a sequential manner with two sets of oligonucleotide
probes allows for increased fidelity and confidence in the accuracy of the genetic
information obtained from each region of interest.

[00051]  In short, an initial (first) set of oligonucleotide probes—in some embodiments
comprising a first fixed sequence probe, a second fixed sequence probe and a bridging
probe—is allowed to hybridize to a region of interest. 'This initial set of oligonucleotide
probes is then elongated, if necessary, and ligated; the first ligation product is then,
optionally, amplified. These steps of the methods of the invention utilizing the initial set
of oligonucleotide probes correspond to the L2 amplification method. However,
building on the 1.2 method, after ligation of the initial set of oligonucleotide probes and
an optional amplification step, a subsequent (second) set of oligonucleotide probes—also
in some embodiments comprising a first fixed sequence probe, a second fixed sequence
probe and a bridging probe—is then added to the first ligation product (or, optionally a

first amplification product of the first ligation product). The subsequent set of
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oligonucleotide probes and is allowed to hybridize to the first ligation or amplification
product, is elongated (if necessary), and then the oligonucleotide probes from the
subsequent set of oligonucleotides are ligated to one another. The second ligation
product of the subsequent set of oligonucleotide probes is, preferably, amplified, and
these second amplification products are then sequenced. In aspects where the first and
second fixed sequence probes do not hybridize contiguously to one another, the first
fixed sequence probe can be extended using dNTPs and a polymerase until the first and
second fixed sequence probes are hybridized contiguously to one another, where they
can be ligated and amplified

[00052] Typically more than one set of initial (first) and subsequent (second)
oligonucleotide probes are used; that is, in most embodiments at least first and second
sets of initial oligonucleotide probes are used (i.e., multiplexing), where the first and
second initial oligonucleotide sets hybridize to different regions of interest (e.g., different
loci) in the nucleic acid sample. The first and second subsequent oligonucleotide sets
hybridize to the same regions of interest as the corresponding first and second initial sets
of initial oligonucleotides, but to different regions of interest from one another. That is,
more than one region of interest is interrogated, each region of interest is different, and
the steps are performed with an initial set and a subsequent set of oligonucleotide probes
for each region of interest. In practice the methods of the invention may be multiplexed
to interrogate 10 regions of interest or more, 12 regions of interest or more, or 24, 28, 60,
96, 128, 200, 400, 500, 1000, 2500, or 5000 regions of interest or more from a sample.

[00053] In other embodiments, the initial and/or subsequent set of oligonucleotide probes
comprise first and second fixed sequence probes with no bridging oligonucleotide probe.
In aspects where the first and second fixed sequence probes hybridize contiguously to
one another, the first and second fixed sequence probes can be ligated and then
amplified, etc. In aspects where the first and second fixed sequence probes do not
hybridize contiguously to one another, the first fixed sequence probe can be extended
using dNTPs and a polymerase until the first and second fixed sequence probes are
hybridized contiguously to one another, where they can be ligated and amplified.

[00054] A distinct advantage of the invention is that the regions of interest can be
analyzed using a variety of detection and quantification techniques, including but not

limited to hybridization techniques, digital PCR and high throughput sequencing.

Sequential Analysis of Selected Regions of Interest
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[00055] Figure 1A is a simplified schematic of one embodiment of the multiplexed
sequential ligation-based genomic analysis methods of the present invention. 'The
embodiment exemplified in Figure 1A shows sequential analysis of a single region of
interest. Figure 1A shows method 100, where a nucleic acid 102 comprising a region of
interest that is optionally immobilized to a solid support 104. Such immobilization of
nucleic acid 102 and of other nucleic acids in subsequent steps is in fact not used in
preferred embodiments. At step 101, an initial set of oligonucleotide probes is added to
the nucleic acid 102. The initial set of oligonucleotide probes in this embodiment
consists of a first fixed sequence probe 106, a second fixed sequence probe 108 and a
bridging oligonucleotide probe 110. First 106 and second 108 fixed sequence probes
each comprise universal priming sequence 112. Universal priming sequence 112
comprises a sequence to allow for universal amplification in a later step and may
comprise other sequences useful for manipulating, identifying and/or quantifying the
amplification product as described infra. It should be noted that the universal priming
sequences 112 associated with the first fixed sequence probe 106 and the second fixed
sequence probe 108 may be the same, or, in some embodiments, may be different. If
such universal priming sequences 112 are different, in preferred embodiments the
melting temperature (Ty,) of the primers used in any subsequent amplification hybridized
to the universal priming sequences are preferably similar.

[00056] In the embodiment shown in Figure 1A, the fixed sequence oligonucleotide
probes and the bridging oligonucleotide probes of a set are shown as being allowed to
anneal simultaneously; however, in alternative embodiments, the bridging
oligonucleotide probes may instead be added to the annealing reaction after the fixed
sequence oligonucleotide probes have annealed, optionally following the removal of
unhybridized fixed sequence oligonucleotide probes.

[00057] At step 103, the initial set of oligonucleotide probes is allowed to anneal to the
region of interest in nucleic acid 102, where the first fixed sequence oligonucleotide 106
in the initial set anneals 5' in the region of interest, the second fixed sequence
oligonucleotide 108 in the initial set anneals 3" in the region of interest, and the bridging
oligonucleotide 110 in the initial set anneals between the first and second fixed sequence
oligonucleotides in the region of interest. The arrows on the ends of the first fixed
sequence oligonucleotide probe and the bridging oligonucleotide probe indicate that
these oligonucleotide probes may be extended by a polymerase and dNTPs if the first

and second fixed and the bridging oligonucleotide of the initial set do not anneal
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completely contiguous to one another in the region of interest. In specific embodiments,
however, the bringing oligo will anneal immediately adjacent to both the 5’ and 3’ fixed
oligonucleotides.

[00058] At step 105, ligation product 114 comprising first fixed sequence probe 106,
second fixed sequence probe 108 and bridging probe 110 is eluted or otherwise separated
from nucleic acid 102, and universal oligonucleotide primers 122 are added. Ligation
junction 150 between the first fixed sequence probe 106 and the bridging probe 110, and
ligation junction 152 between the bridging probe 110 and the second fixed sequence
probe 108 are indicated in first ligation product 114. At step 107, universal PCR (uPCR)
of the first ligation products is performed, resulting in uPCR product(s) 116. Note
ligation junctions 150 and 152 are noted in uPCR product 116 (only one uPCR product
116 is shown). As noted previously, universal priming sequences 112 on the first and
second fixed sequence probes (106 and 108, respectively) may be the same, as shown, or
may be different, in which case the universal oligonucleotide primers 122 used to
perform uPCR would be different. Also, in some embodiments, rather than using both
universal priming sequences to amplify the first ligation product 114, a linear
amplification is performed utilizing only one of the universal priming sites, or only one
fixed sequence oligonucleotide contains a universal priming sequence.

[00059] At step 109, a subsequent set of oligonucleotide probes is added to uPCR product
116. The subsequent set of oligonucleotide probes in this embodiment consists of a first
fixed sequence probe 126, a second fixed sequence probe 128 and a bridging
oligonucleotide probe 130. Tirst 126 and second 128 fixed sequence probes each
comprise a universal priming sequence 132, where the universal priming sequence 132
comprises a sequence to allow for universal amplification in a later step, and, like the
universal priming sequences in the initial set of oligonucleotide probes, may comprise
other sequences useful for manipulating, identifying and/or quantifying the amplification
product, and again, the universal priming sequences 132 may be the same sequence or
may be different sequences, and if different, in preferred embodiments the melting
temperature (Ty,) of the primers used in any subsequent amplification hybridized to the
universal priming sequences are preferably similar. Note that universal priming
sequences 112 and 132 may be the same; however, in preferred embodiments they are
different so that the only ligation products that are amplified in the second amplification
are amplification products that result from ligation of the subsequent set of

oligonucleotide probes. Also note that as with the beginning nucleic acid 102, uPCR
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product 116 optionally may be immobilized to a solid support 118 for ease of isolation or
separation from other nucleic acids in subsequent steps.

[00060] At step 111, the subsequent set of oligonucleotide probes is allowed to anneal to
the region of interest in uPCR product 116, where the first fixed sequence
oligonucleotide 126 in the subsequent set anneals 5' in the region of interest, the second
fixed sequence oligonucleotide 128 in the subsequent set anneals 3' in the region of
interest, and the bridging oligonucleotide 130 in the subsequent set anneals between the
first and second fixed sequence oligonucleotides in the region of interest. The arrows on
the ends of the first fixed sequence oligonucleotide probe and the bridging
oligonucleotide probe indicate that these oligonucleotide probes may be extended by a
polymerase and dNTPs if the first and second fixed oligonucleotides and the bridging
oligonucleotide of the subsequent set do not anneal completely contiguous to one another
in the region of interest. As with the first hybridization reaction, specific embodiments,
however, the bringing oligo will anneal immediately adjacent to both the 5’ and 3’ fixed
oligonucleotides.

[00061] At step 113, ligation product 136 comprising first fixed sequence probe 126,
second fixed sequence probe 128 and bridging probe 130 from the subsequent set is
eluted or otherwise separated from uPCR product 116 (e.g., by utilizing solid support or
immobilization moiety 118), and universal oligonucleotide primers 134 are added so that
ligation product 136 may be amplified using universal priming sequences 132. As
before, if the universal priming sequences 132 are different, the universal oligonucleotide
primers 134 will be different. Note, as before, that in some embodiments rather than
using both universal priming sites (or including universal priming sites in both the first
and second fixed sequence oligonucleotides), a linear amplification is performed
utilizing only one of the universal priming sites.

[00062] The ligation junction 154 between the first fixed sequence probe 126 and the
bridging probe 130 of the subsequent set, and the ligation junction 156 between the
bridging probe 130 and the second fixed sequence probe 128 of the subsequent set are
indicated in ligation product 136, as are the ligation junctions 150, 152 from the first
ligation process with the initial set of oligonucleotide probes. Note that the ligation
junctions 154 and 156 resulting from the ligation of the subsequent set of oligonucleotide
probes are offset from the ligation junctions 150, 152 from the ligation of the initial set
of oligonucleotide probes in the region of interest. In this embodiment, the first and

second fixed oligonucleotide probes from the subsequent set encompass the ligation
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junctions 150 and 152. At step 115, universal PCR (uPCR) is performed on ligation
product 136 utilizing universal oligonucleotide primers 134, resulting in uPCR products
140, which can then be sequenced.

[00063] Figure 1B shows alternative embodiments for positioning of the subsequent set of
oligonucleotide probes vis-a-vis the initial set of oligonucleotide probes. In scheme (i)
of Figure 1B, the positioning of the subsequent set of oligonucleotide probes in relation
to the initial set of oligonucleotide probes is the same as in Figure 1A (see the
representation between steps 113 and 115 of Figure 1A). Here, indicated in ligation
product 136 are the ligation junction 154 between the first fixed sequence probe 126 and
the bridging probe 130 of the subsequent set, and the ligation junction 156 between the
bridging probe 130 and the second fixed sequence probe 128 of the subsequent set. Also
indicated are ligation junctions 150 and 152 from the first ligation with the initial set of
oligonucleotide probes. Note that ligation junctions 154 and 156 resulting from the
ligation of the subsequent set of oligonucleotide probes are shifted or offset from the
ligation junctions from the ligation of the initial set of oligonucleotide probes in the
region of interest. In this scheme (i), the first and second fixed oligonucleotide probes
from the subsequent set encompass the ligation junctions 150 and 152; that is, ligation
junctions 154 and 156 are located between (flanked by) ligation junctions 150 and 152.

[00064] In scheme (ii) of Figure 1B, the positioning of the subsequent set of
oligonucleotide probes in relation to the initial set of oligonucleotide probes is different
from that seen in Figure 1A. Again, indicated in ligation product 136 are the ligation
junction 154 between the first fixed sequence probe 126 and the bridging probe 130 of
the subsequent set, and the ligation junction 156 between the bridging probe 130 and the
second fixed sequence probe 128 of the subsequent set. Also indicated are the ligation
junction 150 resulting from ligation between the first fixed sequence probe 106 and the
bridging probe 110 of the initial set and ligation junction 152 resulting from ligation
between the bridging probe 110 and the second fixed sequence probe 108 from the initial
set of oligonucleotide probes. Again in this embodiment, the ligation junctions 154 and
156 resulting from the ligation of the subsequent set of oligonucleotide probes are shifted
or offset from the ligation junctions from the ligation of the initial set of oligonucleotide
probes in the region of interest. However, in this scheme (ii), the first and second fixed
oligonucleotide probes from the subsequent set do not encompass both ligation junctions
150 and 152. Instead, ligation junction 154 is outside of (5') ligation junction 150,

though ligation junction 156 is inside (5') that of ligation junction 152.
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[00065] Scheme (iii) of Figure 1B is similar to scheme (i) and (ii) in the sense that the
ligation junctions 154 and 156 resulting from the ligation of the subsequent set of
oligonucleotide probes are shifted or offset from the ligation junctions from the ligation
of the initial set of oligonucleotide probes in the region of interest. However, unlike
scheme (i) but similar to scheme (ii), the first and second fixed oligonucleotide probes
from the subsequent set do not encompass both ligation junctions 150 and 152. Instead,
ligation junction 156 is outside of (3") ligation junction 152, though ligation junction 154
is inside (3') that of ligation junction 150.

[00066] Scheme (iv) of Figure 1B again is similar to schemes (i), (ii) and (iii) in the sense
that the ligation junctions 154 and 156 resulting from the ligation of the subsequent set of
oligonucleotide probes are shifted or offset from the ligation junctions from the ligation
of the initial set of oligonucleotide probes in the region of interest; however, here neither
the first nor second fixed oligonucleotide probes from the subsequent set encompass
ligation junctions 150 and 152. Instead, ligation junctions 154 and 156 fall outside (that
is, 5' and 3', respectively) of ligation junctions 150 and 152.

[00067]  Scheme (v) of Figure 1B shows an alternative exemplary embodiment that may
be used for the initial and/or offset oligonucleotide probe sets where the fixed sequence
oligonucleotide probes of the set are not separate probes, but are instead precircle type
probes. Again note that the ligation junctions 154 and 156 resulting from the ligation of
the subsequent set of oligonucleotide probes are shifted or offset from the ligation
junctions from the ligation of the initial set of oligonucleotide probes in the region of
interest. And, like scheme (iv), neither the first nor second fixed oligonucleotide probes
from the subsequent set encompass ligation junctions 150 and 152. Instead, ligation
junctions 154 and 156 fall outside (that is, 5' and 3', respectively) of ligation junctions
150 and 152. The nucleic acid portion of the fixed sequence probe that connects the first
and second fixed probes 126 and 128 is designed 160.

[00068] Scheme (vi) of Figure 1B is dissimilar to schemes (i) through (v) in the sense that
the ligation junctions 154 and 156 resulting from the ligation of the subsequent set of
oligonucleotide probes are not both shifted or offset from the ligation junctions from the
ligation of the initial set of oligonucleotide probes in the region of interest; that is, here
the first fixed oligonucleotide probes from the initial and subsequent sets encompass one
or both of the same ligation junctions 150 and 154, the second fixed oligonucleotide
probes from the initial and subsequent sets encompass one or both of the same ligation

junctions 152 and 156.
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[00069] In some embodiments, the bridging oligonucleotide probes of the initial set and
subsequent sets of oligonucleotide probes are different lengths, as would have to be the
case in schemes (i) and (iv) of Figure 1B; however, in some embodiments, the bridging
probes of the initial and subsequent sets of oligonucleotide probes are the same, as would
be the case in scheme (vi) of Figure 1B, and could be the case in scheme (ii), where the
bridging oligonucleotide probe of the subsequent set is positioned 5' of the bridging
oligonucleotide primer of the initial set, or scheme (iii), where the bridging
oligonucleotide probe of the subsequent set is positioned 3' of the bridging
oligonucleotide primer of the initial set.

[00070] Tigure 2 is a simplified schematic of one embodiment of the multiplexed
sequential ligation-based analysis methods of the present invention where two different
regions of interest are being interrogated. This embodiment of the invention is
exemplary for two regions of interest, but in practice the methods of the invention may
be multiplexed to interrogate 10 regions of interest or more, 12 regions of interest or
more, or 24, 48, 60, 96, 128, 200, 400, 500, 1000, 2500, or 5000 regions of interest or
more. The regions of interest all may be located on the same chromosome, or, in most
embodiments, the regions of interest are located on one or more different chromosomes.

[00071]  Figure 2 shows a method 200, where a nucleic acid 202 comprising two regions
of interest are optionally immobilized to solid support 204. Such immobilization of
nucleic acid 202 and of other nucleic acids in subsequent steps is in fact not used in
preferred embodiments. At step 201, a first and second initial set of oligonucleotide
probes is added to the nucleic acid 202. The first initial set of oligonucleotide probes
consists of a first fixed sequence probe 206, a second fixed sequence probe 208 and a
bridging oligonucleotide probe 210. The second initial set of oligonucleotide probes
consists of a first fixed sequence probe 306, a second fixed sequence probe 308 and a
bridging oligonucleotide probe 310. The first 206 and 306 and second 208 and 308
fixed sequence probes from each initial set comprise a universal priming sequence 212.
Universal priming sequence 212 comprises a sequence to allow for universal
amplification in a later step of ligation products from both initial sets of oligonucleotide
probes. As in Figure 1A, universal priming sequences 212 may be the same or may be
different. In a multiplexed reaction, typically the universal priming sequence for the 5'
fixed oligonucleotide probe of each of the initial sets of oligonucleotide probes will be
the same, and the universal priming sequences for the 3’ fixed oligonucleotide probes of

each of the initial sets of oligonucleotide probes will be the same. However, in some
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embodiments, the universal priming sequences in different sets of initial oligonucleotide
probes will be different (that is, not all 5' universal priming sequences will be the same
and not all 3' sequences will be the same). As described previously, in preferred
embodiments the melting temperatures of the universal priming sequences will be
similar.

[00072] At step 203, both initial sets of oligonucleotide probes are allowed to anneal to
their respective regions of interest in the nucleic acid 202, where the first fixed sequence
oligonucleotide 206 and 306 in each of the initial sets anneals 5' in the respective region
of interest, the second fixed sequence oligonucleotide 208 and 308 in each of the initial
sets anneals 3’ in the respective region of interest, and the bridging oligonucleotide 210
and 310 in each of the initial sets anneals between the first and second fixed sequence
oligonucleotides in the respective region of interest. The arrows on the ends of the first
fixed sequence oligonucleotide probes 206 and 306 and the bridging oligonucleotide
probes 210 and 310 indicate that these oligonucleotide probes may be extended by a
polymerase and dNTPs if the first and second fixed oligonucleotides and the bridging
oligonucleotide of the initial sets do not anneal completely contiguous to one another in
the regions of interest.

[00073] At step 205, ligation product 214 comprising first fixed sequence probe 206,
second fixed sequence probe 208 and bridging probe 210, and ligation product 314
comprising first fixed sequence probe 306, second fixed sequence probe 308 and
bridging probe 310, are eluted or otherwise separated from nucleic acid 202 (in this
embodiment, such separation may be effected by solid support 204), and universal
oligonucleotide primers 222 are added. The ligation junction 250 between the first fixed
sequence probe 206 and the bridging probe 210, and the ligation junction 252 between
the bridging probe 210 and the second fixed sequence probe 208 of the first set of initial
oligonucleotide probes are indicated in ligation product 214, and the ligation junction
350 between the first fixed sequence probe 306 and the bridging probe 310, and the
ligation junction 352 between the bridging probe 310 and the second fixed sequence
probe 308 of the second set of initial oligonucleotide probes are indicated in ligation
product 314. At step 207, universal PCR (uPCR) is performed on ligation products 214
and 314 using universal oligonucleotide primers 222, resulting in uPCR products 216
and 316. Note ligation junctions 250 and 252 are noted in uPCR product 216 and
ligation junctions 350 and 352 are noted in uPCR product 316. Note that in some

embodiments rather than using both universal priming sites (or including universal
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priming sites in both the first and second fixed sequence oligonucleotides), a linear
amplification is performed utilizing only one of the universal priming sites.

[00074] At step 209, two subsequent sets of oligonucleotide probes are added to uPCR
products 216 and 316. The first subsequent set of oligonucleotide probes consists of a
first fixed sequence probe 226, a second fixed sequence probe 228 and a bridging
oligonucleotide probe 230, and the second subsequent set of oligonucleotide probes
consists of a first fixed sequence probe 326, a second fixed sequence probe 328 and a
bridging oligonucleotide probe 330. First fixed sequence probes 226 and 326 and second
fixed sequence probes 228 and 328 each comprise a universal priming sequence 232,
where the universal priming sequence 232 comprises, in addition to other sequences in
some embodiments, a sequence to allow for universal amplification in a later step. As
described, universal priming sequence 232 may be the same for each fixed sequence
oligonucleotide probe or may be different, or may be the same for each of the 5’ fixed
sequences probes and the same for each of the 3' fixed sequence probes but different for
5" and 3' fixed sequence probes. Note that as with beginning nucleic acid 202, uPCR
products 216 and 316 may be immobilized to a solid support 318 for ease of isolation or
separation from other nucleic acids in subsequent steps.

[00075] At step 211, first and second subsequent sets of oligonucleotide probes are
allowed to anneal to their respective regions of interest in uPCR products 216 and 316,
where the first fixed sequence oligonucleotide 226 and 326 in each of the subsequent sets
anneals 5' to the respective uPCR product 216 and 316, the second fixed sequence
oligonucleotide 228 and 328 in each of the subsequent sets anneals 3' in the respective
uPCR product 216 and 316, and the bridging oligonucleotide 230 and 330 in each of the
subsequent sets anneals between the first and second fixed sequence oligonucleotides in
the respective uPCR product 216 and 316. The arrows on the ends of the first fixed
sequence oligonucleotide probes 226 and 326 and the bridging oligonucleotide probes
220 and 320 indicate that these oligonucleotide probes may be extended by a polymerase
and dNTPs if the first and second fixed oligonucleotides and the bridging
oligonucleotide of the subsequent sets do not anneal completely contiguous to one
another in the regions of interest.

[00076] At step 213, ligation product 236 comprising the first fixed sequence probe 226,
the second fixed sequence probe 228 and the bridging probe 230 from the first set of
subsequent oligonucleotide probes is eluted or otherwise separated from uPCR product

216 (e.g., by utilizing solid support or immobilization moiety 218). Also, ligation
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product 336 comprising the first fixed sequence probe 326, the second fixed sequence
probe 328 and the bridging probe 330 from the second set of subsequent oligonucleotide
probes is eluted or otherwise separated from uPCR product 316 (e.g., by utilizing solid
support or immobilization moiety 218).

[00077]  Universal oligonucleotide primers 234 are then added so that ligation products
236 and 336 may be amplified using universal priming sequences 232. Note that
universal priming sequences 212 and 232 may be the same; however, in preferred
embodiments they are different so that the only ligation products that are amplified in the
second amplification are amplification products that result from ligation of the
subsequent set of oligonucleotide probes. The ligation junction 254 between the first
fixed sequence probe 226 and the bridging probe 230 of the first subsequent set, and the
ligation junction 256 between the bridging probe 230 and the second fixed sequence
probe 228 of the first subsequent set are indicated in ligation product 236, as are the
ligation junctions 250 and 252 from the first ligation process with the first initial set of
oligonucleotide probes. In addition, the ligation junction 354 between the first fixed
sequence probe 326 and the bridging probe 330 of the second subsequent set, and the
ligation junction 356 between the bridging probe 330 and the second fixed sequence
probe 328 of the second subsequent set are indicated in ligation product 336, as are the
ligation junctions 350 and 352 from the first ligation process with the second initial set of
oligonucleotide probes. Note that the ligation junctions 254, 256 and 354, 356 resulting
from the ligation of the first and second subsequent sets of oligonucleotide probes are
offset from the ligation junctions 250, 252 and 350, 352 from the ligation of the first and
second initial sets of oligonucleotide probes in the regions of interest. In this
embodiment, like Figure 1A and scheme (i) of Figure 1B, the first and second fixed
oligonucleotide probes from each of the subsequent sets encompass the ligation junctions
250, 350 and 252, 352. At step 215, uPCR is performed on ligation products 236 and
336 using universal oligonucleotide primers 234, resulting in uPCR products 240 and
340, which are then sequenced in whole or in part and described infra.

[00078] It should be noted that though Figures 1A, Figure 1B and Figure 2 exemplify
methods of the invention utilizing one bridging oligonucleotide probe, more than one
bridging oligonucleotide probe may be utilized. Also, although Figure 2 exemplifies the
analysis of two regions of interest, in practice the methods of the invention may be
multiplexed to interrogate 10 regions of interest or more, 12 regions of interest or more,

or 24, 28, 60, 96, 128, 200, 400, 500, 1000, 2500, or 5000 regions of interest or more
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from a sample. Further, though Figures 1A and 2 exemplify a method comprising the
hybridization, ligation and amplification of an initial set of oligonucleotide probes and
one subsequent set of oligonucleotide probes for each region of interest, additional
rounds of hybridization, ligation and amplification may be performed on one or more of
the regions of interest with additional sets of subsequent oligonucleotide probes.
Moreover, though both Figure 1A and Figure 2 include an amplification (uPCR) step at
steps 107 and 207 (amplifying the ligation product of the first and second
oligonucleotide and bridging oligonucleotide probes of the initial set of oligonucleotide
probes), this amplification step is optional, though it is preferred. Similarly, though
amplification of the ligation product of the first and second oligonucleotide and bridging
oligonucleotide probes in the subsequent set of probes prior to sequencing is preferred, it
also is optional.

[00079] In addition, the methods of the invention may be carried out where either both of
the initial and subsequent sets of oligonucleotide probes do not comprise a bridging
oligonucleotide probe; that is, either or both of the initial and subsequent sets of
oligonucleotide probes comprise first and second fixed sequences probes only, which
may or may not hybridize in a contiguous manner. If the first and second fixed sequence
oligonucleotides from either the initial or subsequent sets do not hybridize contiguously,
an extension step is performed before the ligation step is performed. Moreover, the
methods may comprise a combination of these embodiments; that is, the initial set of
oligonucleotide probes may consist of two fixed oligonucleotide probes and a bridging
probe, where the subsequent set of oligonucleotide probes consists of two fixed
oligonucleotide probes, where one or more of the oligonucleotide probes in either set
requires extension. Durther, the sets of oligonucleotide probes may vary in character
from region of interest to region of interest (that is, in addition to the sequence
differences).

[00080] Figures 1A, 1B and 2 thus provide simplified illustrations of the steps for
multiplexed sequential ligation-based analyses of subsequent ligation products of the

invention. Specifics of the components are described infra.

Regions of Interest
[00081] The length of the regions of interest in the target nucleic acid in most
embodiments are of a sufficient length to provide enough sequence information to

distinguish the regions of interest from one another and from other sequences that may
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be present in the target nucleic acid. Generally, a region of interest is at least about 16
nucleotides in length, and more typically, a region of interest is at least about 20
nucleotides in length. In a preferred aspect of the invention, the regions of interest are at
least about 30, 32, 40, 45, 50, or 60 nucleotides in length. In other aspects of the
invention, the regions of interest can be about 100, 150, 200 or up to 250 or more
nucleotides in length.

[00082] With genomic DNA samples, most often the DNA must be fragmented. In the
practice of the methods of the present invention, fragmentation of the DNA sample can
be accomplished by any means known to those of ordinary skill in the art. Preferably,
the fragmenting is performed by enzymatic or mechanical means. Mechanical means
may be sonication or physical shearing, and enzymatic means may be digestion with
nucleases (e.g., Deoxyribonuclease [ (DNase I)) or one or more restriction
endonucleases.

[00083] In many aspects of the invention, the target nucleic acid comprising the regions
of interest (or, e.g., one or more oligonucleotide probes in a set of oligonucleotide probes
or one or more ligation or amplification products) are immobilized to facilitate
separation of reactants and reaction products. Such immobilization is optional but is
employed in preferred embodiments. Immobilization of the genomic or cell-free DNA
(the target nucleic acid) or one or more oligonucleotide probes in a set of oligonucleotide
probes or one or more ligation or amplification products can be accomplished by
covalently or noncovalently attaching the nucleic acids to a solid phase support (e.g., a
bead) using methods well known in the art; for example, by using streptavidin or
avidin/biotin linkages, carbamate linkages, ester linkages, or amide, thiolester, (N)-
functionalized thiourea, functionalized maleimide, amino, disulfide, amide, or hydrazone
linkages, among others. The target nucleic acid—or one or more oligonucleotide probes
in a set of oligonucleotide probes or one or more ligation or amplification products—
may be directly linked to the support, or preferably are indirectly linked, e.g., through a
linker moiety directly linked to the support. Antibodies that specifically bind to nucleic
acids can also be employed as linking moieties. In addition, a silyl moiety can be used
to attach a nucleic acid directly to a solid substrate using methods known in the art.
Again, immobilization of one or more of the target nucleic acids or one or more
oligonucleotide probes in a set of oligonucleotide probes or one or more of the ligation or
amplification products may be used to facilitate separation of the reactants and products

at various steps in the methods.
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Oligonucleotide Probes and Probe Sets

[00084] The initial and subsequent sets of probes each comprise, in some embodiments, a
first fixed sequence oligonucleotide probe, a second fixed sequence oligonucleotide probe,
and one or more bridging oligonucleotide probes. For example, in some embodiments, the
initial sets of oligonucleotide probes consist of a first fixed sequence oligonucleotide probe,
a second fixed sequence oligonucleotide probe, and more than one bridging oligonucleotide
probes where the bridging oligonucleotide probe is engineered to detect polymorphisms. In
embodiments where both nonpolymorphic and polymorphic regions of interest are detected,
the initial sets of oligonucleotide probes for the regions of interest often will vary, where for
nonpolymorphic sites, the initial set of oligonucleotide probes will consist of a first fixed
sequence oligonucleotide probe, a second fixed sequence oligonucleotide probe, and a single
bridging oligonucleotide probe, and wherein for polymorphic sites, the initial set of
oligonucleotide probes will consist of a first fixed sequence oligonucleotide probe, a second
fixed sequence oligonucleotide probe, and more than one bridging oligonucleotide probe.
Alternatively, for polymorphic sites, one fixed sequence oligonucleotide and the bridging
oligonucleotides may be the same for each set, but one of the fixed sequence
oligonucleotides contains the polymorphic nucleotide, most often at or near the end of the
fixed sequence oligonucleotide that becomes ligated to the bridging oligonucleotide.
Similarly, the subsequent sets of oligonucleotide probes may consist of a first fixed sequence
oligonucleotide probe, a second fixed sequence oligonucleotide probe, and one bridging
oligonucleotide probe, which is preferred, or the subsequent sets of oligonucleotide probes
may consist of a first fixed sequence oligonucleotide probe, a second fixed sequence
oligonucleotide probe, and more than one bridging oligonucleotide probe. Or, as described,
the initial or subsequent sets of oligonucleotides may consist of first and second fixed
oligonucleotides only.

[00085] As described, polymorphisms or SNPs may be detected using initial sets of
oligonucleotide probes with differing bases appropriate for differential detection of SNPs, or
polymorphisms and SNPs may be detected using initial sets of oligonucleotide probes that
are the same, and the sequencing step at the end of the methods provides that sequence
information identifying the SNPs in a region of interest.

[00086] At least one of the fixed sequence oligonucleotide probes of the initial sets or the
subsequent sets of oligonucleotide probes comprise a portion that is complementary to the

regions of interest being interrogated, and a portion that comprises the universal priming
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sequence used for amplification of the ligation products and in some embodiments, both
fixed sequence oligonucleotide probes will comprise universal priming sequences. The
portion of the fixed sequence oligonucleotide probes that comprises the universal priming
sequence may also comprise one or more indices as described below and/or other sequences
that allow for the manipulation, identification and/or quantification of the ligation or
amplification products resulting from the methods. The portion of the fixed sequence
oligonucleotide probes that is complementary to the regions of interest being interrogated is
typically 10 to 50 nucleotides in length, more typically 15 to 35 nucleotides in length, or 18
to 28, 20 to 26, or 22 to 24 nucleotides in length. The length of the portion of the fixed
sequence oligonucleotide probes that comprises the universal priming sequence depends on
what sequences are encompassed by this portion; that is, the length depends on what
additional sequence elements are encompassed within this portion in addition to the
universal priming sequence. Typically, the length of the portion of the fixed sequence
oligonucleotide probes that comprises the universal priming sequence is 10 to 50 nucleotides
in length, more typically 15 to 35 nucleotides in length, or 18 to 28, 20 to 26, or 22 to 24
nucleotides in length.

[00087] In certain aspects the universal priming regions of the fixed sequence
oligonucleotides are associated with one or more indexes or indices that, e.g., identify the
regions of interest and/or a particular sample being analyzed. The detection of the one or
more of these indices can serve as a surrogate for detection of the entire region of interest, or
detection of an index may serve as confirmation of the presence of a particular region of
interest if both the sequence of the index and the sequence of the nucleic acid region itself
are determined.

[00088] Indices are typically non-complementary, unique sequences contained within the
universal priming region of the first and/or second fixed oligonucleotide probes in a set to
provide information relevant to the region of interest that anneals to the probe. In preferred
aspects of the invention using indices, universal priming regions are designed so that the one
or more indices are coded in the universal priming regions or as a part of the universal
primer. The order and placement of indices, as well as the length of indices, can vary, and
they can be used in various combinations. The advantage of employing indices is that the
presence (and ultimately the quantity or frequency) of a region of interest can be obtained
without the need to sequence an entire amplified ligation product corresponding to the region
of interest, although in certain aspects it may be desirable to do so. Generally, however, the

ability to identify and quantify a region of interest through identification of one or more
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indices will decrease the length of sequencing required, particularly if the index sequence is
captured at the 3’ or 5’ end of the amplified ligation product proximal to where a sequencing
probe is located. Use of indices as a surrogate for identification of regions of interest also
may reduce sequencing errors since longer sequencing reads are more prone to the
introduction of error.

[00089] One example of an index is a locus index. A locus index typically is unique for
each region of interest so that quantification of the number of times a particular locus index
occurs in a sample can be related to the relative number of copies of the corresponding
region of interest selected. Generally, the locus index is long enough to label each known
region of interest uniquely. Tor instance, if the method interrogates 192 known regions of
interest, there are at least 192 unique locus indexes, each uniquely identifying a region of
interest. The locus index may contain additional nucleotides that allow for identification and
correction of sequencing errors including the detection of deletion, substitution, or insertion
of one or more bases during sequencing as well as nucleotide changes that may occur outside
of sequencing such as oligonucleotide synthesis, amplification, or any other aspect of the
methods.

[00090] Another example of an index is an allele index, typically as an alternative to or
occasionally in addition to a locus index. An allele index is unique for a particular allele of a
region of interest, so that quantification of the number of times a particular allele index
occurs in a sample can be related to the relative number of copies of that allele in the target
nucleic acid, and the summation of the allelic indices can be related to the relative number of
copies of that region of interest.

[00091] In yet another example, an identification index may be provided. In such an
aspect, a sufficient number of identification indices are present to uniquely identify each
amplified ligation product made from the initial set of oligonucleotide probes in the sample.
Identification index sequences are preferably 6 or more nucleotides in length. In a preferred
aspect, the identification index is long enough to have statistical probability of labeling each
ligation product from an initial set of oligonucleotide probes with a unique identification
index. For example, if there are n total copies of all regions of interest, there are
substantially more than n identification indexes such that each molecule interrogated is
likely to be labeled with a unique identification index.

[00092] The identification index—Iike the other indices—may be combined with any other
index to create one index that provides information for two properties. The identification

locus may also be used to detect and quantify amplification bias that may occur downstream
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of the initial isolation of the regions of interest from a sample and this data may be used to
normalize the sample data.

[00093] In addition to the other indices described herein, a correction index may be
employed. A correction index is a short nucleotide sequence that allows for correction of
amplification, sequencing or other experimental errors including the detection of a deletion,
substitution, or insertion of one or more bases during sequencing as well as nucleotide
changes that may occur outside of sequencing such as oligonucleotide synthesis,
amplification, or in other aspects of the assay. Correction indices may be stand-alone
indices that are separate sequences, or they may be embedded within other indices to assist
in confirming accuracy of the experimental techniques used, e.g., a correction index may be
a subset of sequences of a locus index or an identification index.

[00094] In some aspects, indices that indicate the target nucleic acid or sample from which
the regions of interest are isolated are used to identify the source of the regions of interest in
a multiplexed assay system. In such aspects, the regions of interest from one individual will
be assigned to and associated with a particular unique sample index. The sample index can
thus be used to assist in nucleic acid region identification when multiplexing different
samples in a single reaction vessel, such that each sample can be identified based on its
sample index. In a preferred aspect, there is a unique sample index for each target nucleic
acid in a set of samples, and the samples are pooled during sequencing. For example, if
twelve samples are pooled into a single sequencing reaction, there are at least twelve unique
sample indexes such that each sample is labeled uniquely. After the sequencing step is
performed, the sequencing data preferably is first segregated by sample index prior to
determining the frequency of each the region of interest for each sample and prior to
determining whether there is a chromosomal abnormality for each sample.

[00095] The bridging oligonucleotide probes for an initial set or subsequent set of
oligonucleotide probes can be varied in configuration. For example, in the methods shown
in Figures 1 and 2, the bridging oligonucleotide probes are sequence-specific for a region of
interest and of similar length. However, in some embodiments, the bridging
oligonucleotides of a set may be composed of a mixture of oligonucleotide probes with
degeneracy in each of the positions, so that this mixture of randomer bridging
oligonucleotide probes is compatible with all sets of fixed sequence oligonucleotide probes
in a multiplexed assay. For example, in the case where 5-base bridging oligonucleotide
probes are used, the number of unique bridging oligonucleotide probes would be 445 = 1024.

Thus, the number of bridging oligonucleotide probes would be independent of the number of
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regions of interest since all possible bridging oligonucleotide probes would be present in the
reaction. In another embodiment, the bridging oligonucleotide probes can vary in length so
that certain of the bridging oligonucleotide probes in a mixture of bridging oligonucleotide
probes will be compatible with particular sets of fixed sequence oligonucleotides.

[00096] In the detection of polymorphisms, fixed sequence oligonucleotides or bridging
oligonucleotides of differing sequence may be utilized, as taught in USSNs 13/013,732, filed
January 25, 2011; 13/245,133, filed September 26, 2011; 13/205,570, filed August 8, 2011;
13/293,419, filed November 10, 2011; 13/205,4009, filed August 8, 2011; 13/205,603, filed
August 8, 2011; 13/407, 978, filed February 29, 2012; 13/274,309, filed October 15, 2011;
13/316,154, filed December 9, 2011, and 13/338, 963, filed December 28, 2011, all of which
are incorporated herein in their entirety. For example, the bridging oligonucleotide probes
can possess different sequences corresponding to single nucleotide polymorphisms, and
ligation reactions are optimized for those oligonucleotide probe sets that comprise the
specific sequence provided by a bridging oligonucleotide probe.  Also, the invention
contemplates use of initial and subsequent sets of oligonucleotide probes with first and
second fixed sequence oligonucleotide probes but without one or more bridging
oligonucleotide probes,

[00097] Though the embodiments illustrated in Figures 1A and 2 show the fixed sequence
oligonucleotide probes and the bridging oligonucleotide probes of a set being allowed to
anneal simultaneously, the bridging oligonucleotide probes may instead be added to the
annealing reaction after the fixed sequence oligonucleotide probes have annealed, optionally
following the removal of unhybridized fixed sequence oligonucleotide probes. The
conditions of the hybridization or annealing reactions are preferably optimized near the T,
of the bridging oligonucleotide probes to prevent erroneous hybridization of bridging
oligonucleotide probes that are not fully complementary to the region of interest. The
bridging oligonucleotide probes may be of various lengths depending on the target nucleic
acids. Typically the bridging oligo is from 3 to 32 nucleotides in length, but in specific
examples, they can be from 10 to 30 nucleotides in length, more typically 15 to 25
nucleotides in length, 5-10 nucleotides in length, 4 to 9 nucleotides in length, 18 to 28

nucleotides in length, 20 to 26 nucleotides in length, or 22 to 24 nucleotides in length.

Amplification and Sequencing Techniques
[00098] Amplification or enrichment techniques that may be employed in the multiplexed

sequential ligation-based analysis methods of the invention include numerous techniques
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that enhance the overall concentration of the ligation products at various steps in the analysis
methods and prior to sequence determination. Such techniques include straightforward
techniques such as PCR, as well as techniques that themselves provide additional selection
options or other benefits. Examples of such techniques are described below.

[00099] In preferred aspects of the invention, universal amplification is used to amplify
(either linearly or exponentially) the ligation products created following hybridization of the
fixed sequence oligonucleotides and the bridging oligonucleotides in both the initial sets of
oligonucleotide probes and in the subsequent sets of oligonucleotide probes. Universal
priming sequences are included in the ligation products so that they may be amplified in a
single universal amplification reaction, typically by way of including a universal priming
sequence in the fixed sequence oligonucleotide probes, although universal priming
sequences may also be ligated to the proximal ends of the ligation products. The inclusion
of universal priming sequences in the fixed sequence oligonucleotide probes allows a
subsequent controlled universal amplification of all or a portion of the ligation products prior
to a subsequent round of hybridization, ligation and amplification with an subsequent set of
oligonucleotide probes or prior to sequencing.

[000100] Preferably, the first ligation products of the initial sets of oligonucleotide probes
are enriched by a linear reaction. The first enrichment step consists of 2-30 cycles, with
each cycle commonly consisting of 2-3 discrete temperature steps, usually three. The
cycling is often preceded by a single initiation step at a high temperature (>90°C), and
followed by one hold step at the end for final product extension. The temperatures used and
the length of time applied in each cycle depend on a variety of parameters known in the art,
including the enzyme used for DNA synthesis, the concentration of divalent ions and dNTPs
in the reaction, and the melting temperature (T),) of the primers. The second ligation
products of the subsequent sets of oligonucleotide probes can be enriched by either a linear
reaction or an exponential reaction, or a linear reaction followed by an exponential reaction.

[000101] Bias and variability can be introduced during DNA amplification, such as that seen
during polymerase chain reaction (PCR). In cases where an amplification reaction is
multiplexed, there is the potential that regions of interest will amplify at different rates or
efficiency. Part of this may be due to the variety of primers in a multiplex reaction with
some having better efficiency (i.e. hybridization) than others, or some working better in
specific experimental conditions due to the base composition. Universal primers for a given
locus may behave differently based on sequence of ligation product, buffer conditions, and

other conditions.
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[000102] When performing the amplification steps of the present invention, the whole
ligation reaction or an aliquot of the ligation reaction may be used for the universal
amplification. Using an aliquot allows different amplification reactions to be undertaken
using the same or different conditions (e.g., polymerase, buffers, and the like), e.g., to ensure
that bias is not inadvertently introduced due to experimental conditions. In addition,
variations in primer concentrations may be used to effectively limit the number of sequence
specific amplification cycles. Examples of multiplexing methods used to amplify and/or
genotype a variety of samples simultaneously, such as those described in Oliphant et al., US
Pat. No. 7,582,420.

[000103] Exemplary amplification techniques are described in, e.g., Barany et al., US Pat
Nos. 6,852,487, 6,797,470, 6,576,453, 6,534,293, 6,506,594, 6,312,892, 6,268,148,
6,054,564, 6,027,889, 5,830,711, 5,494,810, describe the use of the ligase chain reaction
(LCR) assay for the detection of specific sequences of nucleotides in a variety of nucleic
acid samples; Barany et al., US Pat Nos. 7,807,431, 7,455,965, 7,429,453, 7,364,858,
7,358,048, 7,332,285, 7,320,865, 7,312,039, 7,244,831, 7,198,894, 7,166,434, 7,097,980,
7,083,917, 7,014,994, 6,949,370, 6,852,487, 6,797,470, 6,576,453, 6,534,293, 6,506,594,
6,312,892, and 6,268,148 describe the use of the ligase detection reaction with detection
reaction ("LDR") coupled with polymerase chain reaction ("PCR") for nucleic acid
detection; Barany et al., US Pat No. 7,556,924 and 6,858,412, describe the use of precircle
probes (also or “multi-inversion probes™) with coupled ligase detection reaction ("LDR")
and polymerase chain reaction ("PCR") for nucleic acid detection; Barany et al., US Pat Nos.
7,807,431, 7,709,201, and 7,198, 814 describe the use of combined endonuclease cleavage
and ligation reactions for the detection of nucleic acid sequences; Willis et al., US Pat Nos.
7,700,323 and 6,858,412, describe the use of precircle probes in multiplexed nucleic acid
amplification, detection and genotyping; and Ronaghi et al., US Pat. No. 7,622,281 describes
amplification techniques for labeling and amplifying a nucleic acid using an adapter
comprising a unique probe and a barcode.

[000104] Once the amplified ligation products from the final round of hybridization, ligation
and amplification are made, they are used as templates for sequencing. Numerous methods
of sequence determination are compatible with the methods of the invention; preferably,
such methods include “next generation” methods of sequencing. Exemplary methods for
sequence determination include, but are not limited to, hybridization-based methods, such as
disclosed in Drmanac, U.S. Pat. Nos. 6,864,052; 6,309,824; 6,401,267 and U.S. Pub. No.
2005/0191656; sequencing-by-synthesis methods, such as disclosed by, e.g., Nyren et al,
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U.S. Pat. No. 7,648,824, 7,459,311 and 6,210,891; Balasubramanian, U.S. Pat. Nos.
7,232,656 and 6,833,246; Quake, U.S. Pat. No. 6,911,345; Li et al, PNAS, 100: 414-19
(2003) and as commercialized in TruSeqTM and HiSeqTM technology by Illumina, Inc., San
Diego, CA, HeliScopeTM by Helicos Biosciences Corporation, Cambridge, MA, and PacBio
RS by Pacific Biosciences of California, Inc., Menlo Park, CA; pyrophosphate sequencing as
described in Ronaghi et al., U.S. Pat. Nos. 7,648,824; 7,459,311; 6,828,100 and 6,210,891,
and as commercialized by 454 Life Sciences, Inc., Branford, CT; ligation-based sequencing
determination methods, such as disclosed by, e.g., Drmanac et al., U.S. Pub. No.
2010/0105052, and Church et al, U.S. Pub. Nos. 2007/0207482 and 2009/0018024 for
example, and as commercialized in the SOLiD™ technology, Life Technology, Inc.,
Carlsbad, CA, and like highly-parallelized sequencing methods, all references of which are
incorporated by reference herein in their entirety.

[000105] Alternatively, regions of interest can be selected and/or identified using
hybridization techniques. Methods for conducting polynucleotide hybridization assays for
detection of nucleic acids have been well developed in the art. Hybridization assay
procedures and conditions will vary depending on the application and are selected in
accordance with the general binding methods known including those referred to in: Maniatis
et al., Molecular Cloning: A Laboratory Manual (2nd Ed. Cold Spring Harbor, N.Y., 1989);
Berger and Kimmel, Methods in Enzymology, Vol. 152, Guide to Molecular Cloning
Techniques (Academic Press, Inc., San Diego, Calif., 1987); and Young and Davis, PNAS,
80:1194 (1983). Methods and apparatus for carrying out repeated and controlled
hybridization reactions have been described in, e.g., U.S. Pat. Nos. 5,871,928; 5,874,219;
6,045,996; 6,386,749 and 6,391,623.

[000106] Methods and apparatus for signal detection and processing of intensity data are
disclosed in, for example, U.S. Pat. Nos. 5,143,854; 5,547,839; 5,578,832; 5,631,734
5,800,992; 5,834,758; 5,856,092; 5,902,723; 5,936,324; 5,981,956; 6,025,601; 6,090,555;
6,141,096; 6,185,030; 6,201,639; 6,218,803 and 6,225,625, in USSN 60/364,731 and in PCT
Application PCT/US99/06097 (published as W(099/47964).

Detecting Fetal Copy Number Variation

[000107] The multiplexed sequential ligation-based analysis methods of the present
invention are particularly suited for identifying copy number variations in a fetus. This
includes copy number variations in fetal DNA from a maternal sample, including

chromosomal abnormalities including but not limited to aneuploidies such as monosomies
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and trisomies. Thus, in certain embodiments, the samples tested are maternal samples
comprising both maternal and fetal DNA such as maternal blood samples (i.e, whole blood,
serum or plasma). Such DNA may be from cells or cell-free DNA. The multiplexed
sequential ligation-based analysis methods enrich and/or isolate several or, preferably, many
regions of interest in a maternal sample that correspond to individual chromosomes of
interest and, in certain aspects, to reference chromosomes that are used to determine the
presence or absence of a fetal copy number variation. As described in detail supra, the
multiplexed sequential ligation-based analysis methods of the invention employ one or more
sequential ligation-based hybridization of regions of interest, and, optionally, separation
steps to enhance the content of the regions of interest in the sample. The multiplexed
sequential ligation-based analysis methods also provide mechanisms to engineer the copies
of the regions of interest for further isolation, amplification or analysis.

[000108] The present invention permits analysis of regions of interest on different
chromosomes simultaneously and in a preferred embodiment, all of the regions of interest
for each sample are amplified in one reaction vessel. In some embodiments, regions of
interest from multiple samples are amplified in one reaction vessel, and the sample of origin
of the different ligation and amplification products is determined by use of a sample index.

[000109] One challenge with the detection of fetal genetic copy number variations or other
fetal genetic characteristics in a maternal sample is that the majority of the fetal DNA as a
percentage of total DNA in a maternal sample such as maternal blood, serum or plasma may
vary from less than one to forty percent, and most commonly is present at or below twenty
percent and frequently at or below ten percent. In detecting fetal genetic copy number
variations, the relative increase in the extra genetic copy is 50% in the fetal DNA; thus, as a
percentage of the total DNA in a maternal sample where, as an example, the fetal DNA is
10% of the total, the increase in the extra genetic copy as a percentage of the total is 5%. If
one is to detect such difference robustly through the methods described herein, the variation
in the measurement of the extra gene, sequence or chromosome has to be significantly less
than the percent increase of the extra chromosome.

[000110] In aspects where fetal aneuploidies are evaluated, regions of interest corresponding
to multiple loci on a first chromosome are detected and summed to determine the relative
frequency of a chromosome in the maternal sample. Next, regions of interest corresponding
to multiple loci on a second chromosome are detected and summed to determine the relative
frequency of a chromosome in the maternal sample. Frequencies that are higher than

expected for one chromosome when compared to the other chromosome in the maternal
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sample are indicative of a fetal duplication or aneuploidy. The comparison may be between
chromosomes that each may be a putative aneuploid in the fetus (e.g., chromosomes 13, 14,
15, 21 and 22), where the likelihood of more than one chromosome being aneuploid is
minimal. Alternatively or in addition, the comparison can be between chromosomes where
one is putatively aneuploid (e.g., chromosome 13) and the other is very unlikely to be
aneuploid (e.g., an autosome such as chromosome 1 or 2), which can act as a reference
chromosome. In yet other aspects, the comparison may utilize two or more chromosomes
that are putatively aneuploid (i.e., two or more chromosomes selected from chromosomes
13,14, 15, 18, 21 and 22) only or in addition to one or more reference chromosomes.

[000111] In one aspect, the multiplexed sequential ligation-based analysis methods of the
invention are used to analyze multiple regions of interest representing selected loci on at
least two chromosomes, and the relative frequency of each region of interest from the sample
is analyzed to determine a relative chromosome frequency for each chromosome. The
chromosomal frequency of the at least two chromosomes is then compared to determine
statistically whether a chromosomal abnormality exists.

[000112] In another aspect, the multiplexed sequential ligation-based analysis methods of
the invention are used to analyze multiple regions of interest representing selected loci on
chromosomes of interest, and the relative frequency of each region of interest from the
sample is analyzed and independently quantified to determine a relative frequency for each
region of interest in the sample. The sums of the regions of interest in the sample are
compared to determine statistically whether a chromosomal aneuploidy exists.

[000113] In another aspect, subsets of regions of interest on each chromosome are analyzed
to determine whether a chromosomal abnormality exists. The frequency for regions of
interest can be summed for a particular chromosome, and the summations of the regions of
interest used to determine an aneuploidy. This analysis of the sequencing data sums the
frequencies of the individual regions of interest from each chromosome and then compares
the sum of the regions of interest on one chromosome against another chromosome to
determine whether a chromosomal abnormality exists. The subsets of regions of interest can
be chosen randomly but with sufficient numbers to yield a statistically significant result in
determining whether a chromosomal abnormality exists. Multiple analyses of different
subsets of regions of interest can be performed within a maternal sample to yield more
statistical power. For example, if there are 100 regions of interest for chromosome 13 and
100 regions of interest for chromosome 21, a series of analyses could be performed that

evaluate fewer than 100 regions for each of the chromosomes. In another aspect, specific
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regions of interest can be selected on each chromosome that are known to have less variation
between samples, or by limiting the data used for determination of chromosomal frequency,
e.g., by ignoring the data from regions of interest with very high or very low frequency
within a sample.

[000114] In a particular aspect, the ratio of the frequencies of the regions of interest are
compared to a reference mean ratio that has been determined for a statistically significant
population of genetically “normal” subjects. In yet another particular aspect, the measured
quantity of one or more regions of interest on a chromosome is normalized to account for
known variation from sources such as the assay system (e.g., temperature, reagent lot
differences), underlying biology of the sample (e.g., nucleic acid content), operator
differences, or any other variables.

[000115] The data used to determine the frequency of the regions of interest may exclude
outlier data that appear to be due to experimental error, or that have elevated or depressed
levels based on an idiopathic genetic bias within a particular sample. In one example, the
data used for summation may exclude nucleic acid regions with a particularly elevated
frequency in one or more samples. In another example, the data used for summation may
exclude regions of interest that are found in a particularly low abundance in one or more
samples.

[000116] The quantity of different regions of interest detectable on certain chromosomes
may vary depending upon a number of factors, including general representation of fetal loci
in maternal samples, degradation rates of the different nucleic acids representing fetal loci in
maternal samples, sample preparation methods, and the like. Thus, in some aspects of the
invention the frequencies of the individual regions of interest on each chromosome are
summed and then the sum of the regions of interest on one chromosome are compared to the
sum of an equal number of regions of interest on another chromosome to determine whether
a chromosomal abnormality exists.

[000117] The variation between samples and/or for regions of interest within a sample may
be minimized using a combination of analytical methods, many of which are described in
this application. Tor instance, variation is lessened by using an internal reference in the
assay. An example of an internal reference is the use of a chromosome present in a
“normal” abundance (e.g., disomy for an autosome) to compare against the chromosome that
may be present in abnormal abundance, i.e., the aneuploidy, in the same sample. While the

use of a single such “normal” chromosome as a reference chromosome may be sufficient, it
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is also possible to use many “normal” chromosomes as the internal reference chromosomes
to increase the statistical power of the quantification.

[000118] One utilization of an internal reference is to calculate a ratio of abundance of the
putatively abnormal chromosomes or sub-chromosomal regions to the abundance of the
normal chromosomes or sub-chromosomal regions in a sample, called a chromosomal ratio.
In calculating the chromosomal ratio, the abundance or counts of each of the regions of
interest for each chromosome or sub-chromosomal region are summed together to calculate
the total counts for each chromosome. The total counts for one chromosome are then
divided by the total counts for a different chromosome or sub-chromosomal region to create
a chromosomal ratio for those two chromosomes or sub-chromosomal regions.

[000119] Alternatively, a chromosomal ratio for each chromosome or sub-chromosomal
region may be calculated by first summing the counts of each of the regions of interest for
each chromosome or sub-chromosomal region, and then dividing the sum for one
chromosome or sub-chromosomal region by the total sum for two or more chromosomes.
Once calculated, the chromosomal ratio is then compared to the average chromosomal ratio
from a normal population.

[000120] The average may be the mean, median, mode or other average, with or without
normalization and exclusion of outlier data. In a preferred aspect, the mean is used. In
developing the data set for the chromosomal ratio from the normal population, the normal
variation of the measured chromosomes or sub-chromosomal regions is calculated. This
variation may be expressed a number of ways, most typically as the coefficient of variation,
or ¢,., When the chromosomal ratio from the sample is compared to the average
chromosomal ratio from a normal population, if the chromosomal ratio for the sample falls
statistically outside of the average chromosomal ratio for the normal population, the sample
contains an aneuploidy. 'The criteria for setting the statistical threshold to declare an
aneuploidy depend upon the variation in the measurement of the chromosomal ratio and the
acceptable false positive and false negative rates for the desired assay. In general, this
threshold may be a multiple of the variation observed in the chromosomal ratio. In one
example, this threshold is three or more times the variation of the chromosomal ratio. In
another example, it is four or more times the variation of the chromosomal ratio. In another
example it is five or more times the variation of the chromosomal ratio. In another example
it is six or more times the variation of the chromosomal ratio. In the example above, the
chromosomal ratio is determined by summing the counts of regions of interest by

chromosome or sub-chromosomal region. Typically, the same number of regions of interest
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for each chromosome or sub-chromosomal region is used. An alternative method for
generating the chromosomal ratio would be to calculate the average counts for the regions of
interest for each chromosome or chromosomal region. The average may be any estimate of
the mean, median or mode, although typically an average is used. The average may be the
mean of all counts or some variation such as a trimmed or weighted average. Once the
average counts for each chromosome or sub-chromosomal region have been calculated, the
average counts for each chromosome or sub-chromosomal region may be divided by the
other to obtain a chromosomal ratio between two chromosomes, the average counts for each
chromosome may be divided by the sum of the averages for all measured chromosomes to
obtain a chromosomal ratio for each chromosome as described above. As highlighted above,
the ability to detect a fetal copy number variation in a maternal sample where the fetal DNA
is in low relative abundance depends greatly on the variation in the measurements of
different regions of interest. Numerous analytical methods can be used that reduce this
variation and thus improve the sensitivity of this method to detect aneuploidy.

[000121] One method for reducing variability of the assay is to increase the number of
regions of interest used to calculate the abundance of the chromosomes or sub-chromosomal
regions. In general, if the measured variation of a single region of interest of a chromosome
is X% and Y different regions of interest are measured on the same chromosome, the
variation of the measurement of the chromosomal abundance calculated by summing or
averaging the abundance of each region of interest on that chromosome will be

approximately X% divided by Y

Stated differently, the variation of the measurement of
the chromosome abundance would be approximately the average variation of the
measurement of each region of interest’s abundance divided by the square root of the
number of regions of interest.

[000122] In a preferred application of the present invention with respect to fetal copy
number variations, the number of regions of interest measured for each chromosome is at
least 10. In another preferred aspect of this invention the number of regions of interest
measured for each chromosome is at least 24. In yet another preferred aspect of this
invention, the number of regions of interest measured for each chromosome is at least 48. In
another preferred aspect of this invention, the number of regions of interest measured for
each chromosome is at least 100. In another preferred aspect of this invention the number of
regions of interest measured for each chromosome is at least 200. There is incremental cost

to measuring each region of interest and thus it is important to minimize the number of

regions while still generating statistically robust data. In a preferred aspect of this invention,
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the number of regions of interest measured for each chromosome is less than 2000. In a
preferred aspect of this invention, the number of regions of interest measured for each
chromosome is less than 1000. In a most preferred aspect of this invention, the number of
regions of interest measured for each chromosome is at least 48 and less than 1000. In one
aspect, following the measurement of abundance for each region of interest, a subset of the
regions of interest may be used to determine the presence or absence of a copy number
variation. There are many standard methods for choosing the subset of regions of interest.
These methods include outlier exclusion, where the regions of interest with detected levels
below and/or above a certain percentile are discarded from the analysis. In one aspect, the
percentile may be the lowest and highest 5% as measured by abundance. In another aspect,
the percentile may be the lowest and highest 10% as measured by abundance. In another
aspect, the percentile may be the lowest and highest 25% as measured by abundance.

[000123] Another method for choosing a subset of regions of interest include the elimination
of regions that fall outside of some statistical limit. For instance, regions that fall outside of
one or more standard deviations of the mean abundance may be removed from the analysis.
Another method for choosing the subset of regions of interest may be to compare the relative
abundance of a region of interest to the expected abundance of the same region of interest in
a healthy population and discard any regions of interest that fail the expectation test. To
further minimize the variation in the assay, the number of times each region of interest is
measured may be increased. As discussed, in contrast to random methods of detecting fetal
copy number variations and other aneuploidies where the genome is measured on average
less than once, the methods of the present invention intentionally measure each region of
interest multiple times. In general, when counting events, the variation in the counting is
determined by Poisson statistics, and the counting variation is typically equal to one divided
by the square root of the number of counts. In a preferred aspect of the invention, the
regions of interest are each measured on average at least 100 times. In a preferred aspect to
the invention, the regions of interest are each measured on average at least 500 times. In a
preferred aspect to the invention, the regions of interest are each measured on average at
least 1000 times. In a preferred aspect to the invention, the regions of interest are each
measured on average at least 2000 times. In a preferred aspect to the invention, the regions
of interest are each measured on average at least 5000 times.

[000124] In another aspect, subsets of regions of interest can be chosen randomly using
sufficient numbers to yield a statistically significant result in determining whether a

chromosomal abnormality exists. Multiple analyses of different subsets of regions of
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interest can be performed within a maternal sample to yield more statistical power. In this
example, it may or may not be necessary to remove or eliminate any regions of interest prior
to the random analysis. For example, if there are 100 regions of interest for chromosome 13
and 100 regions of interest for chromosome 14, a series of analyses could be performed that
evaluate fewer than 100 regions for each of the chromosomes.

[000125] Sequence counts also can be normalized by systematically removing sample and
assay biases by using median polish on log-transformed counts. A metric can be computed
for each sample as the means of counts for a region of interest divided by the sum of the
mean of counts for regions of interest on a particular chromosome and the mean of courts for
the regions of interest on a different chromosome. A standard Z test of proportions may be

used to compute Z statistics:

Pj — Po

where p; is the observed proportion for a given chromosome of interest in a given sample j,
po is the expected proportion for the given test chromosome calculated as the median p;, and
n; is the denominator of the proportion metric. Z statistic standardization may be performed
using iterative censoring. At each iteration, the samples falling outside of, e.g., three median
absolute deviations are removed. After ten iterations, mean and standard deviation were
calculated using only the uncensored samples. All samples are then standardized against this
mean and standard deviation. The Kolmogorov-Smirnov test (see Conover, Practical
Nonparametric Statistics, pp. 295-301 (John Wiley & Sons, New York, NY, 1971)) and
Shapiro-Wilk's test (see Royston, Applied Statistics, 31:115-124 (1982)) may be used to test
for the normality of the normal samples' Z statistics.

[000126] In addition to the methods above for reducing variation in the assay, other
analytical techniques, many of which are described earlier in this application, may be used in
combination. For example, the variation in the assay may be reduced when all of the regions
of interest for each sample are interrogated in a single reaction in a single vessel. Similarly,
the variation in the assay may be reduced when the universal amplification methods
described herein are used. Furthermore, the variation of the assay may be reduced when the

number of cycles of amplification is limited.

Determination of Fetal DNA Content in Maternal Sample
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[000127] Determining the percentage of fetal DNA in a maternal sample may increase the
accuracy of the frequency calculations for the regions of interest in a maternal/fetal mixed
nucleic acid sample, as knowledge of the fetal contribution provides important information
on the expected statistical presence of the regions of interest. Variation from the expectation
may be indicative of chromosome copy number. Taking percent fetal into account may be
particularly helpful in circumstances where the level of fetal DNA in a maternal sample is
low, as the percent fetal contribution can be used to determine the quantitative statistical
significance in the variations of levels of regions of interest in a maternal sample.

[000128] In some specific aspects, the relative maternal contribution of maternal DNA at an
allele of interest can be compared to the non-maternal contribution at that allele to determine
approximate fetal DNA concentration in the sample. In other specific aspects, the relative
quantity of solely paternally-derived sequences (e.g., Y-chromosome sequences or
paternally-specific polymorphisms) can be used to determine the relative concentration of
fetal DNA in a maternal sample. Another exemplary approach to determining the percent
fetal contribution in a maternal sample is through the analysis of DNA fragments with
different patterns of DNA methylation between fetal and maternal DNA.

[000129] In circumstances where the fetus is male, percent fetal DNA in a sample can be
determined through detection of Y-specific nucleic acids and comparison to calculated
maternal DNA content. Quantities of an amplified Y-specific nucleic acid, such as a region
from the sex-determining region Y gene (SRY), which is located on the Y chromosome and
is thus representative of fetal DNA, can be determined from the sample and compared to one
or more amplified genes that are present in both maternal DNA and fetal DNA and that are
preferably not from a chromosome believed to potentially be aneuploid in the fetus, e.g., an
autosomal region that is not on chromosome 13, 14, 15, 18, 21, or 22.

[000130] In some circumstances such as with a female fetus, the determination of fetal
polymorphisms requires targeted SNP and/or mutation analysis to identify the presence of
fetal DNA in a maternal sample. In some aspects, the use of prior genotyping of the father
and mother can be performed. For example, the parents may have undergone such genotype
determination for identification of disease markers, e.g., determination of the genotype for
disorders such as cystic fibrosis, muscular dystrophy, spinal muscular atrophy or even the
status of the RhD gene may be determined. Such difference in polymorphisms, copy
number variants or mutations can be used to determine the percentage fetal contribution in a

maternal sample.
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[000131] In an alternative preferred aspect, the percent fetal cell free DNA in a maternal
sample can be quantified using multiplexed SNP detection without using prior knowledge of
the maternal or paternal genotype. In this aspect, two or more polymorphic regions of
interest with a known SNP in each region are used. In a preferred aspect, the selected
polymorphic nucleic acid regions are located on an autosomal chromosome that is unlikely
to be aneuploid, e.g., Chromosome 6.

[000132] In a preferred embodiment, the selected polymorphic nucleic acid regions are
amplified in one reaction in one vessel. Fach allele of the selected polymorphic nucleic acid
regions in the maternal sample is identified and quantified using high throughput
sequencing. As described previously, polymorphisms may be identified using differentially-
sequenced oligonucleotide probe sets or by using non-differentially-sequenced probe sets
and relying on sequencing to identify the polymorphisms. Tollowing sequence
determination, loci are identified where the maternal and fetal genotypes are different, e.g.,
the maternal genotype is homozygous and the fetal genotype is heterozygous. This
identification is accomplished by observing a high relative frequency of one allele (>60%)
and a low relative frequency (<20% and >0.15%) of the other allele for a particular region of
interest. The use of multiple loci is particularly advantageous as it reduces the amount of
variation in the measurement of the abundance of the alleles. All or a subset of the loci that
meet this requirement are used to determine fetal concentration through statistical analysis.

[000133] In one aspect, fetal concentration is determined by summing the low frequency
alleles from two or more loci together, dividing by the sum of the high and low frequency
alleles and multiplying by two. In another aspect, the percent fetal cell free DNA is
determined by averaging the low frequency alleles from two or more loci, dividing by the
average of the high and low frequency alleles and multiplying by two.

[000134] For many alleles, maternal and fetal sequences may be homozygous and identical,
and as this information does not distinguish between maternal and fetal DNA, it is not useful
in the determination of percent fetal DNA in a maternal sample. Instead, allelic information
where there is a difference between the fetal and maternal DNA (e.g., a fetal allele
containing at least one allele that differs from the maternal allele) is utilized in calculations
of percent fetal. Data pertaining to allelic regions that are the same for the maternal and fetal
DNA are thus not selected for analysis or are removed from the pertinent data prior to
determination of percentage fetal DNA so as not to swamp out the useful data. Exemplary
methods for quantifying fetal DNA in maternal plasma can be found, e.g., in Chu et al,,

Prenat Diagn, 30:1226-29 (2010), which is incorporated herein by reference.
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[000135] In one aspect, regions of interest may be excluded if the amount or frequency of
the region appears to be an outlier due to experimental error, or from idiopathic genetic bias
within a particular sample. In another aspect, regions of interest may undergo statistical or
mathematical adjustment such as normalization, standardization, clustering, or
transformation prior to summation or averaging. In another aspect, regions of interest may
undergo both normalization and data experimental error exclusion prior to summation or
averaging. In a preferred aspect, 12 or more loci are used for the analysis. In another
preferred aspect, 24 or more loci are used for the analysis. In another preferred aspect, 48 or
more loci are used for the analysis. In another aspect, one or more indices are used to
identify the sample, the locus, the allele or the identification of the region of interest.

[000136] In one preferred aspect, the percentage fetal contribution in a maternal sample can
be quantified using tandem SNP detection in the maternal and fetal alleles. Techniques for
identifying tandem SNPs in DNA extracted from a maternal sample are disclosed in Mitchell
et al, US Pat. No. 7,799,531 and 8,399,195 and USSNs. 12/689,924 and 13/714,242. These
references describe the differentiation of fetal and maternal loci through detection of at least
one tandem single nucleotide polymorphism (SNP) in a maternal sample that has a different
haplotype between the fetal and maternal genome. Identification and quantification of these
haplotypes can be performed directly on the maternal sample, as described in the Mitchell et

al. disclosures, and used to determine the percent fetal contribution in the maternal sample.

Use of Percent Fetal Cell Free DNA to Optimize Fetal Aneuploidy Detection

[000137] Once percent fetal cell free DNA has been calculated, this data may be combined
with methods for aneuploidy detection to determine the likelihood that a fetus may contain
an aneuploidy. In one preferred aspect, the chromosomal ratio and its variation for the
normal population are determined from normal samples that have a similar percentage of
fetal DNA. An expected aneuploid chromosomal ratio for a DNA sample with that percent
fetal cell free DNA is calculated by adding the percent contribution from the aneuploid
chromosome. The chromosomal ratio for the sample may then be compared to the
chromosomal ratio for the normal population and to the expected aneuploid chromosomal
ratio to determine statistically, using the variation of the chromosomal ratio, if the sample is
more likely normal or aneuploid, and the statistical probability that it is one or the other.

[000138] In a preferred aspect, the selected regions of a maternal sample include both
regions for determination of fetal DNA content as well as non-polymorphic regions from

two or more chromosomes to detect a copy number variation in a single reaction. The single
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reaction helps to minimize the risk of contamination or bias that may be introduced during
various steps in the assay system which may otherwise skew results when utilizing fetal
DNA content to help determine the presence or absence of a chromosomal abnormality.

[000139] In other aspects, a region of interest or regions of interest may be utilized both for
determination of fetal DNA content as well as detection of fetal chromosomal abnormalities.
The alleles for regions of interest can be used to determine fetal DNA content and these
same regions of interest can then be used to detect fetal chromosomal abnormalities ignoring
the allelic information. Utilizing the same regions of interest for both fetal DNA content and
detection of chromosomal abnormalities may further help minimize any bias due to
experimental error or contamination.

[000140] In one embodiment, fetal source contribution in a maternal sample regardless of
fetal gender is measured using autosomal SNPs (see, Sparks, et al., Am. J. Obstet & Gyn.,
206:319.e1-9 (2012)). The processes utilized do not require prior knowledge of paternal
genotype, as the non-maternal alleles are identified during the methods without regard to
knowledge of paternal inheritance. A maximum likelihood estimate using the binomial
distribution may be used to calculate the estimated fetal nucleic acid contribution across
several informative loci in each maternal sample. The processes for calculation of fetal acid
contribution used are described, for example, in USSN 13/553,012, filed 09 July 2012,
which is incorporated by reference. The polymorphic regions used for determination of fetal
contribution may be from chromosomes 1-12, and preferably do not target the blood group
antigens. The estimate of fetal contribution from the polymorphic assays is used to define
expected response magnitudes when a test chromosome is trisomic, which informs the
statistical testing. The test statistic may consist of two components: a measure of deviation
from the expected proportion when the sample is disomic; and a measure of deviation from
the expected proportion when the sample is trisomic. Fach component is in the form of a
Wald statistic (e.g., Harrell, Regression modeling strategies, (2001, Springer-Verlag),
Sections 9.2.2 and 10.5) which compares an observed proportion to an expected proportion
and divides by the variation of the observation.

[000141] The statistic Wj may be used to measure the deviation from expectation when the

sample j is disomic, and is defined as
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where p; and po are defined as described supra with the Z statistic, and Op, is the standard
deviation of the observed proportion of representation for a given chromosome of interest.
The standard deviation may be estimated using parametric bootstrap sampling to create a
distribution of p; proportions based on the mean counts and standard errors for our
chromosomes of interest. The second statistic is VAV]-, which replaces po with the fetal fraction

adjusted reference proportion p; is defined as

. (1+0.5f)p,
P (1 0.56)po) (A — po)’

where f; is the fetal fraction for sample j and py is the reference proportion as before. This

adjustment accounts for the increased representation of a test chromosome when the fetus
was trisomic. Because this variance of counts across many loci is measured as a natural
result of using multiple non-polymorphic assays for the test chromosomes, all estimates are
taken within a nascent data set and do not require external reference samples or historical
information with normalizing adjustments to control for process drift as is typically required
for variance around the expected proportion.

[000142] The final statistic used was §; = W; + VA\/J Conceptually, deviations from disomic
expectation and trisomic expectation are simultaneously evaluated and summarized into this
single statistic. The particular advantage of combining these two indicators is that while
deviation from disomy might be high, it may not reach the deviation expected for trisomy at
a particular fetal contribution level. The VA\/J component will be negative in this case, in effect
penalizing the deviation from disomy. An S; = 0 indicated an equal chance of being disomic

vS. trisomic.

Detection of Other Agents or Risk Factors in Mixed Sample

[000143] Given the multiplexed nature of the enrichment methods of the invention, in
certain aspects it may be beneficial to utilize the methods to detect other nucleic acids that
may be present in very small quantities in a sample—i.e., rare nucleic acids-that could pose a
risk to the health of an individual or otherwise impact on clinical decisions about the
treatment or prognostic outcome for an individual. Detection of exogenous agents in a
mixed sample may be indicative of exposure to and infection by an infectious agent, and this
finding have an impact on patient care or management of an infectious disease. Thus, the
methods of the invention may be used to identify exogenous nucleic acids associated with

active or latent infections; somatic mutations or copy number variations associated with
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autoimmune disorders or malignancies (e.g., breast cancer), or any other health issue that
may impact an individual.

[000144] In one example, changes in immunity and physiology during pregnancy may make
pregnant women more susceptible to or more severely affected by infectious diseases. In
fact, pregnancy itself may be a risk factor for acquiring certain infectious diseases, such as
toxoplasmosis, Hansen disease, and listeriosis. In addition, for pregnant women or subjects
with suppressed immune systems, certain infectious diseases such as influenza and varicella
may have a more severe clinical course, increased complication rate, and higher case-fatality
rate. Identification of infectious disease agents may therefore allow better treatment for
maternal disease during pregnancy, leading to a better overall outcome for both mother and
fetus. In addition, certain infectious agents can be passed to the fetus via vertical
transmission, i.e. spread of infections from mother to baby. These infections may occur
while the fetus is still in the uterus, during labor and delivery, or after delivery (such as while
breastfeeding). Exemplary infections that can be spread via vertical transmission, and
which can be tested for using the assay methods of the invention, include but are not limited
to congenital infections, perinatal infections and postnatal infections. Congenital infections
are passed in utero by crossing the placenta to infect the fetus. Many infectious microbes
can cause congenital infections, leading to problems in fetal development or even death.
TORCH is an acronym for several of the more common congenital infections. These are:
toxoplasmosis, other infections (e.g., syphilis, hepatitis B, Coxsackie virus, Epstein-Barr
virus, varicella-zoster virus (chicken pox), and human parvovirus B19 (fifth disease)),
rubella, cytomegalovirus (CMV), and herpes simplex virus. Perinatal infections refer to
infections that occur as the baby moves through an infected birth canal or through
contamination with fecal matter during delivery. These infections can include, but are not
limited to, sexually-transmitted diseases (e.g., gonorrhea, chlamydia, herpes simplex virus,
human papilloma virus, etc.) CMV, and Group B Streptococci (GBS).

[000145] Thus, in some preferred aspects, the enrichment methods of the invention may
include detection of exogenous sequences, e.g., sequences from infectious organisms that

may have an adverse effect on the health and/or viability of an individual.

EXAMPLES

Example 1: Multiplexed Linear Replication (MLR) of DNA Loci

[000146] 15 pl (7.5 ng) of DNA was added to each well of a 96-well plate and 30 ul of an
amplification mix (5X Phusion HF buffer (Finnzymes, Espoo, Finland), SM betaine, 25 mM
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dNTPs, 2.0 uM biotinylated primer and 2 units Phusion polymerase ((Finnzymes, Espoo,
Finland)) was added to each well. The plate was sealed with an adhesive plate sealer,
shaken at 1500 rpm for 1 min then spun for 10 seconds at 250 x g using a centrifuge.
Standard PCR was carried out using cycles of 95°C for 2 minutes and 61°C for 2 minutes.
[000147] After thermocycling was complete, the DNA was isolated from each sample, and
resuspended in 30 ul TE buffer. Individual DNA isolates were transferred to a new 96-well

plate.

Example 2: First Round of Multiplexed Ligation-Based Analysis

[000148] 10 mg of magnetic streptavidin beads (Invitrogen, Carlsbad, CA) was dispensed
into a 15 ml conical tube and placed on a 15 ml magnetic stand. Once the streptavidin beads
cleared, the supernatant was discarded. 6 ml of binding buffer (100 mM Tris pH 8.0, 10 mM
Na, EDTA, 500 mM NacCl, 58% formamide, 3.33 ng/ul yeast RNA carrier stock (Ambion,
Grand Island, NY) and 0.17% TWEEN™ 80) was then dispensed into the tube and 1ug/ul
per reaction of streptavidin beads were resuspended by vortexing. 1 ml of 40 nM primer
pool was transferred into the 15 ml conical tube containing the 6 ml binding buffer and the
tube was vortexed again.

[000149] 70 ul the solution was dispensed into each well of the 96-well plate containing
the eluate. The annealing reaction comprised: 1000 mM Tris pH 8.0, 500 mM Na,EDTA,
5000 mM NaCl,, 100% formamide, 1000.0 ng/ul yeast carrier stock, 10% TWEEN™ 80,
and 40 nM of the primer pool. The 96-well plate was sealed with an adhesive plate sealer
and mixed using a shaker, 1200 rpm for 1 minute. Standard PCR was carried out using
cycles of 70°C for 5 minutes, and 30°C for 3 minutes each. The plate was spun for 10
seconds at 250 x g and placed on a raised-bar magnetic plate, where the beads were allowed
to clear the solution. The supernatant was then discarded. The beads were washed with
buffer, the plate was shaken for 1 minute at 1900 rpm, and placed on a raised-bar magnetic
plate where the beads were allowed to clear the solution. This wash process was repeated.

[000150] The 96-well plate was removed from the raised-bar magnetic plate after the last
wash, and 50 ul wash buffer (1000 mM Tris pH 8.0, 500 mM Na,EDTA, 5000 mM NaCl,,
1000 ng/ul yeast RNA carrier stock (Ambion, Grand Island, NY), 10% TWEEN™ &0, and
molecular H,O) was added to each well. The wells were mixed by placing the plate on a

shaker for 1 minute at 1900 rpm and the plate placed on a raised-bar magnetic plate. Once
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the streptavidin beads cleared solution, the supernatant was removed and discarded and the
wash step was repeated.

[000151] 20 ul of TE buffer was then added to each well, the plate was sealed with an
adhesive plate sealer and the plate was shaken for 1 minute at 1900 rpm. The plate was
placed at 95°C for 1 minute. The plate was then spun for 10 seconds at 250 x g and placed
on a raised-bar magnetic plate, where the beads were allowed to clear the solution. 25 pl
supernatant was aspirated from each well and dispensed into a fresh 96-well plate.

[000152] 15 pl of PCR reaction mix (final concentration: 5 M betaine, 5x Phusion HF buffer
(Finnzymes, Espoo, Finland), 0.5uM primers, 25 mM dNTPs, 10% TWEEN™S80, and 2
units Phusion HS DNA polymerase II (Finnzymes, Espoo, Finland)) was dispensed into each
well, and the plate was shaken for 1 minute at 1500 rpm. Standard PCR was carried out
using cycles of 95°C for 1 minute, 68°C for 2 minutes, 70°C for 0.5 minutes, followed by a 5

minute extension at 70°C. 10% of the PCR product was run on a 3% TBE agarose gel.

Example 3: Second Round of Multiplexed Ligation-Based Analysis

[000153] 10 mg magnetic straptavidin beads were dispensed into a 15 ml comical tube and
placed on a magnetic stand and the solution allowed to clear. The supernatant was removed
and the beads were then resuspended in 6 ml of binding buffer (100 mM Tris pH 8.0, 10 mM
Na2 EDTA, 500 mM NaCl, 58% formamide, 3.33 ng/ul yeast RNA carrier stock (Ambion,
Grand Island, NY) and 0.17% TWEEN™ 80) was then dispensed into the tube and the
magnetic streptavidin beads were resuspended by vortexing. 1 ml of 40 nM primer pool was
transferred into the 15 ml conical tube containing the 6 ml binding buffer and the tube was
vortexed again. 70 ul of the solution was dispensed into each well of the 96-well plate
containing the eluate. The annealing reaction comprised: 1000 mM Tris pH 8.0, 500 mM
Na, EDTA, 5000 mM NaCl,, 100% formamide, 1000 ng/ul yeast carrier stock, 10%
TWEEN™-80, and 30 uM of the primer pool. The 96-well plate was sealed with an
adhesive plate sealer and mixed using a shaker, 1200 for 1 minute.

The solution was placed at 70°C for 5 minutes and 30°C for 3 minutes each.

[000154] The plate was spun for 10 seconds at 250 x g and placed on a raised-bar magnetic
plate, where the beads were allowed to clear the solution. The supernatant was discarded.
The beads were washed with buffer (dilute binding buffer), the plate was shaken for 1
minutes at 1900 rpm, and placed on a raised-bar magnetic plate where the beads were

allowed to clear the solution. This wash process was repeated. The 96-well plate was
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removed from the raised-bar magnetic plate after the last wash, and 37 ul ligation mix (10x
Taq polymerase buffer (Enzymatics, Beverly, MA), 1000 ng/ul yeast RNA carrier stock
(Ambion, Grand Island, NY), 10% TWEEN™-80, and 40 units/ul Taq ligase (Enzymatics,
Beverly, MA)) was added to each well. The wells were mixed by placing the plate on a
shaker for 1 minute at 1900 rpm, and the plate was placed on a raised-bar magnetic plate and
the solution wash allowed to clear and the supernatant removed. This wash was repeated.
The solution was placed at 45°C. The plate was spun for 10s at 250 x g and placed on a
raised-bar magnetic plate.

[000155] Once the streptavidin beads cleared solution, the supernatant was removed and
discarded, 50 ul buffer (1000 mM Tris pH 8.0, 500 mM Na, EDTA, 5000 mM NaCl,, 1000
ng/ul yeast RNA carrier stock and 10% TWEEN™-80) was added to each well and the plate
was shaken for 1 minute at 1900 rpm. Again, the plate was placed on a raised-bar magnetic
plate, the beads were allowed to clear the solution and the supernatant was removed and
discarded. The was was repeated. 30 ul of TE buffer was then added to each well, the plate
was sealed with an adhesive plate sealer and the plate was shaken for 1 minute at 1900 rpm.
The solution was placed at 95°C for 1 minute. The plate was then spun for 10 seconds at
250 x g and placed on a raised-bar magnetic plate, where the beads were allowed to clear the
solution.

[000156] 25 ul was aspirated from each well and dispensed into a fresh 96-well plate. 21
ul of PCR reaction mix (final concentration: 5 M betaine, 5x PHUSION™ HF buffer
(Finnzymes, Espoo, Finland), 0.5 uM primers, 25 mM dNTPs, 10% TWEEN™-80, and 2
units PHUSION™ HF DNA polymerase II (Finnzymes, Espoo, Finland)) was dispensed into
each well, and the plate was shaken for 1 minute at 1500 rpm. Standard PCR was carried
out using cycles of 95°C for 0.5 minute, 68°C for 2 minutes, 70°C for 0.5 minutes, followed
by a 5 minute extension at 70°C. A portion of the sample was visualized on a 3% TBE

agarose gel and the rest of the sample was prepared for sequencing.

Example 4: Results 1

[000157] An experiment performed for the first replication reaction, as described in
Example 1, using differing genome equivalents of input DNA and using differing
concentrations of primer resulted in generally at least > 95% and more typically > 98% of

sequencing reads that mapped back to the input DNA (88 out of 104 samples).
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Example 5: Results 2

[000158] Additional experiments were performed in which three investigations were
conducted using the methods described herein to determine the detection rate of S. cerevisiae
in the presence of varying amounts of human and E.Coli gDNA. In a first experiment, 3000
genomes of S. cerevisiae were investigated in the presence of 3000 genomes of human and
E.Coli gDNA. In this experiment, the detection rate of S. cerevisiae was 99.93%. In a
second experiment, 30 genomes of S. cerevisiae were investigated in the 3000 genomes of
human gDNA and 3000 genomes of E.Coli gDNA. In this experiment, the detection rate of
S. cerevisiae was 99.27%. In a third experiment, 30 genomes of S. cerevisiae were
investigated in the presence of 0 genomes of E.Coli and 3000 genomes of human gDNA. In

this investigation, the detection rate of S. cerevisiae was 99.68%.

[000159] While this invention is satisfied by aspects in many different forms, as described in
detail in connection with preferred aspects of the invention, it is understood that the present
disclosure is to be considered as exemplary of the principles of the invention and is not
intended to limit the invention to the specific aspects illustrated and described herein.
Numerous variations may be made by persons skilled in the art without departure from the
spirit of the invention. The scope of the invention will be measured by the appended claims
and their equivalents. The abstract and the title are not to be construed as limiting the scope
of the present invention, as their purpose is to enable the appropriate authorities, as well as
the general public, to quickly determine the general nature of the invention. In the claims
that follow, unless the term “means” is used, none of the features or elements recited therein

should be construed as means-plus-function limitations pursuant to 35 U.S.C. §112, {6.
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We Claim:

1. A method for identifying a genomic region of interest from a single source in a sample

comprising DNA from two different sources, comprising the steps of:

providing a sample comprising DNA from two different sources;

introducing to the sample a first set of oligonucleotide probes comprising a first fixed
sequence oligonucleotide complementary to a 3' region in a genomic region of interest and a
second fixed sequence oligonucleotide complementary to a 5' region in the genomic region of
interest;

hybridizing the first set of oligonucleotide probes to the genomic region of interest in the
sample;

ligating the hybridized oligonucleotides of the first set of oligonucleotide probes to create
first ligation products complementary to the genomic region of interest;

introducing to the first ligation products a second set of oligonucleotide probes comprising a
first fixed sequence oligonucleotide complementary to a 3' region in the first ligation product
and a second fixed sequence oligonucleotide complementary to a 5' region in the first ligation
product;

hybridizing the second set of oligonucleotide probes to the first ligation products;

ligating the hybridized oligonucleotides of the second set of oligonucleotide probes to create
second ligation products complementary to the first ligation products;

amplifying the second ligation products to create amplification products; and

analyzing the amplification products, wherein the analysis of the amplification products
identifies the genomic region of interest from the single source in the sample.

2. The method of claim 1, wherein one or both of the first set of oligonucleotide probes or
the second set of oligonucleotide probes further comprises one or more bridging
oligonucleotides that hybridize to the genomic region of interest between and adjacent to the
first and second fixed sequence oligonucleotides.

3. The method of claim 1, wherein one or both of the oligonucleotides of the first set of
oligonucleotide probes or the second set of oligonucleotide probes are complementary to non-
adjacent regions in the genomic region of interest, and wherein the region between the first fixed
sequence oligonucleotide and the second fixed sequence oligonucleotide of the first set is
extended with a polymerase and dN'TPs to create contiguously complementary oligonucleotides.

4. The method of claim 1, wherein one or both of the oligonucleotides of the first set of
oligonucleotide probes or the second set of oligonucleotide probes are complementary to

adjacent regions in the genomic region of interest.
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5. The method of claim 1, wherein at least one fixed sequence oligonucleotide of the second
set of oligonucleotide probes comprises a complementary region that overlaps a ligation junction
of the first ligation products.

6. The method of claim 1, wherein both the first and second fixed sequence oligonucleotides
of the second set of oligonucleotide probes comprise a complementary region that overlaps with
a ligation junction of the first ligation products.

7. The method of claim 1, wherein at least one fixed sequence oligonucleotide of the second
set of oligonucleotide probes comprises the region of a fixed sequence oligonucleotide of the
first set of oligonucleotide probes that is complementary to the genomic region of interest.

8. The method of claim 1, wherein both fixed sequence oligonucleotides of the second set of
oligonucleotide probes comprise a region of the fixed sequence oligonucleotides that is
complementary to the genomic region of interest.

9. The method of claim 1, further comprising a step of amplifying the first ligation products
after the first ligating step and before the second introducing step.

10. The method of claim 9, wherein the amplification is linear.

11. The method of claim 9, wherein the amplification is exponential.

12. The method of claim 1, wherein the method is performed for two or more genomic
regions of interest from the single source.

13.  The method of claim 12, wherein at least 24 different regions of interest are
interrogated.

14.  The method of claim 13, wherein at least 46 different regions of interest are
interrogated.

15. The method of claim 14, wherein at least 92 different regions of interest are
interrogated.

16. The method of claim 1, wherein one or both of the first or second sets of oligonucleotide
probes comprise more than one bridging oligonucleotide.

17. The method of claim 1, wherein one or both of the first or second sets of oligonucleotide
probes comprise a single bridging oligonucleotide.

18. The method of claim 1, wherein the amplification of the second ligation products is
linear.

19. The method of claim 1, wherein the amplification of the second ligation products is
exponential.

20. The method of claim 1, wherein one or both of the first or second sets of

oligonucleotide probes are precircle probes.
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