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EVAUJATION OF TARGET LENGTH IN NUCLEIC ACID CAPTURE-BASED 
ASSAYS 

Field of Invention 

The invention relates to methods for detecting nucleic acid deletions or insertions 

in regions containing nucleic acid sequence repeats. 

Background of the Invention 

Genomic regions that contain nucleic acid sequence repeats are often the site of 

IO genetic instability due to the amplification or contraction of the number of sequence 

repeats (e.g., the insertion or deletion of one or more units of the repeated sequence). of 

Instability in the length of genomic regions that contain high numbers of repeat 

sequences has been associated with a number of hereditary and non hereditary diseases 

and conditions. 

15 For example, "Fragile X syndrome, or Martin-Bell syndrome, is a genetic 

syndrome which results in a spectrum of characteristic physical, intellectual, emotional 

and behavioral features which range from severe to mild in manifestation. The syndrome 

is associated with the expansion of a single trinucleotide gene sequence (CGG) on the X 

chromosome, and results in a failure to express the FMR-1 protein which is required for 

20 normal neural development. There are four generally accepted forms of Fragile X 

syndrome which relate to the length of the repeated CGG sequence; Normal (29-31 CGG 

repeats), Premutation (55-200 CGG repeats), Full Mutation (more than 200 CGG 

repeats), and Intermediate or Gray Zone Alleles (40 - 60 repeats)." 

Other examples include cancer, which has been associated with microsatcllitc 

25 instability (MSI) involving an increase or decrease in the genomic copy number of 

nucleic acid repeats at one or more microsatellite loci (e.g., BAT-25 and/or BAT-26). 

30 

The are currently many sequencing-based assays for determining the number of 

nucleic acid sequence repeats at a particular locus and identifying the presence of nucleic 

acid insertions or deletions. 

Summary of the Invention 

Aspects of the invention provide methods and compositions for identifying 

nucleic acid insertions or deletions in genomic regions of interest without determining 

1636795.1 



Petitioner Illumina, Inc., EX1009, p. 9

- 2 -

the nucleotide sequences of these regions. Aspects of the invention are particularly 

useful for detecting nucleic acid insertions or deletions in genomic regions containing 

nucleic acid sequence repeats (e.g., di- or tri-nucleotide repeats). However, the invention 

is not limited to analyzing nucleic acid repeats and may he used to detect insertions or 

5 deletions in any target nucleic acid of interest. Aspects of the invention are particularly 

useful for analyzing multiple loci in a multiplex assay. 

In some embodiments, aspects of the invention relate to determining whether an 

amount of target nucleic acid that is captured in a genomic capture assay is higher or 

lower than expected. In some embodiments, a statistically significant deviation from an 

10 expected amount (e.g., higher or lower) is indicative of the presence of a nucleic acid 

insertion or deletion in the genomic region of interest. In some embodiments, the 

amount is a number of nucleic acid molecules that are captured. In some embodiments, 

the amount is a number of independently captured nucleic acid molecules in a sample. It 

should be appreciated that the captured nucleic acids may be literally captured from a 

15 sample, or their sequences may be captured without actually capturing the original 

nucleic acids in the sample. For example, nucleic acid sequences may be captured in an 

assay that involves a template-based extension of nucleic acids having the region of 

interest, in the sample. 

Aspects of the invention are based on the recognition that the efficiency of certain 

20 capture techniques is affected by the length of the nucleic acid being captured. 

Accordingly, an increase or decrease in the length of a target nucleic acid (e.g., due to an 

insertion or deletion of a repeated sequence) can alter the capture efficiency of that 

nucleic acid. In some embodiments, a difference in the capture efficiency (e.g., a 

statistically significant difference in the capture efficiency) of a target nucleic acid is 

25 indicative of an insertion or deletion in the target nucleic acid. It should be appreciated 

that the capture efficiency for a target nucleic acid may be evaluated based on an amount 

of captured nucleic acid (e.g., number of captured nucleic acid molecules) relative to a 

control amount (e.g., based on an amount of control nucleic acid that is captured). 

However, the invention is not limited in this respect and other techniques for evaluating 

30 capture efficiency also may be used. 

According to aspects of the invention, evaluating the capture efficiency as 

opposed to determining the sequence of the entire repeat region reduces errors associated 
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with sequencing through repeat regions. Repeat sequences often give rise to stutters or 

skips in sequencing reactions that make it very difficult to accurately determine the 

number of repeats in a target region without running multiple sequencing reactions under 

different conditions and carefu11y analyzing the results. Such procedures are 

5 cumbersome and not readily scalable in a manner that is consistent with high throughput 

analyses of target nucleic acids. Accordingly, aspects of the invention are useful to 

increase the sensitivity of detecting insertions or deletions in target regions, particularly 

target regions containing repeated sequences. 

In some embodiments, aspects of the invention relate to capturing genomic 

10 nucleic acid sequences using a molecular inversion probe (e.g., MIP or Padlock probe) 

technique, and determining whether the amount (e.g., number) of captured sequences is 

higher or lower than expected. In some embodiments, the amount (e.g., number) of 

captured sequences is compared to an amount (e.g., number) of sequences captured in a 

control assay. The conLrol assay may involve analyzing a control sample that contains a 

15 nucleic acid from the same genetic locus having a known sequence length (e.g., a known 

number of nucleic acid repeats). However, a control may involve analyzing a second 

(e.g., different) genetic locus that is not expected to contain any insertions or deletions. 

The second genetic locus may be analyzed in the same sample as the locus being 

interrogated. The second genetic locus may be a locus that is not characterized by the 

20 presence of nucleic acid repeats (and thus not expected to contain insertions or deletions 

of the repeat sequence). 

In some embodiments, a target nucleic acid region that is being evaluated may be 

determined by the identify of the targeting arms of a probe that is designed to capture the 

target region (or sequence thereof). For example, the targeting arms of a MIP probe may 

25 be designed to be complementary (e.g., sufficiently complementary for selective 

hybridization) to genomic regions flanking a target region suspected of containing an 

insertion or deletion. It should be appreciated that two targeting arms may be designed 

to be complementary (e.g., sufficiently complementary for selective hybridization) to the 

two flanking regions that are immediately adjacent ( e.g., immediately 5' and 3', 

30 respectively) to a region of a sequence repeat on one strand of a genomic nucleic acid. 

However, one or both targeting arms may be designed to hybridize several bases (e.g., 1-

5, 5-10, 10-25, 25-50, or more) upstream or downstream from the repeat region in such a 
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way that the captured sequence includes a region of unique genomic sequence that on 

one or both sides of the repeat region. 

In some embodiments, two or more (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10 or more) 

different loci may he interrogated in para11el in a single assay (e.g., in a multiplex assay). 

5 In some embodiments, the ratio of captured nucleic acids for each locus may be used to 

determine whether a nucleic acid insertion or deletion is present in one locus relative to 

the other. For example, the ratio may be compared to a control ratio that is 

representative of the two loci when neither one has an insertion or deletion relative to 

control sequences (e.g., sequences that are normal or known to be associated with 

10 healthy phenotypes for those loci). However, the amount of captured nucleic acids may 

be compared to any suitable control as discussed herein. 

The locus of a captured sequence may be identified by determining a portion of 

unique sequence 5' and/or 3' to the repeat region in the target nucleic acid suspected of 

containing a deletion or insertion. This does not require sequencing the captured repeat 

15 region itself. However, some or all of the repeat region also could be sequenced as 

aspects of the invention are not limited in this respect. 

20 

Aspects of the invention may be combined with one or more sequence-based 

assays (e.g., SNP detection assays), for example in a multiplex format, to determine the 

genotype of one or more regions of a subject. 

According to some aspects of the invention, methods of detecting a 

polymorphism in a nucleic acid in a biological sample arc provided. In some 

embodiments, the methods comprise evaluating the efficiency of capture at one or more 

loci and determining whether one or both alleles at that locus contain an insertion or 

deletion relative to a control locus ( e.g., a locus indicative of a length of repeat sequence 

25 that is associated with a healthy phenotype). 

Accordingly, aspects of the invention relate to methods for determining whether a 

target nucleic acid has an abnormal length by evaluating the capture efficiency of a target 

nucleic acid in a biological sample from a subject, wherein a capture efficiency that is 

different from a reference capture efficiency is indicative of the presence, in the 

30 biological sample, of a target nucleic acid having an abnormal length. It should be 

appreciated that the term "abnormal" is a relative term based on a comparison to a 

"normal" length. In some embodiments, a normal length is a length that is associated 
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with a normal (e.g., healthy or non-carrier phenotype). Accordingly, an abnormal length 

is a length that is either shorter or longer than the normal length. In some embodiments, 

the presence of an abnormal length is indicative of an increased risk that the locus is 

associated with a disease or a disease carrier phenotype. In some embodiments, the 

5 abnormal length is indicative that the subject is either has a disease or condition or is a 

carrier of a disease or condition (e.g., associated with the locus). However, it should be 

appreciated that the description of embodiments relating to detecting the presence of an 

abnormal length also support detecting the presence of a length that is different from an 

expected or control length. 

IO In some embodiments, aspects of the invention relate to estimating the length of a 

target nucleic acid (e.g., of a sub-target region within a target nucleic acid). In some 

embodiments, aspects of the invention relate to methods for estimating the length of a 

target nucleic acid by contacting the target nucleic acid with a plurality of detection 

probes under conditions that permit hybridization of the detection probes to the target 

15 nucleic acid, wherein each detection probe is a polynucleotide that comprises a first arm 

that hybridizes to a first region of the target nucleic acid and a second arm that hybridizes 

to a second region of the target nucleic acid, wherein the first and second regions are on a 

common strand of the target nucleic acid, and wherein the nucleotide sequence between 

the 5' end of the first region and the 3' end of the second region is the nucleotide 

20 sequence of a sub-target nucleic acid; and capturing a plurality of sub-target nucleic 

acids that arc hybridized with the plurality of detection probes; and measuring the 

frequency of occurrence of a sub-target nucleic acid in the plurality of sub-target nucleic 

acids, wherein the frequency of occurrence of the sub-target nucleic acid in the plurality 

of sub-target nucleic acids is indicative of the length of the sub-target nucleic acid. It 

25 should be appreciated that methods for estimating a nucleic acid length may involve 

comparing a capture efficiency for a target nucleic acid region to two or more reference 

efficiencies for known nucleic acid lengths in order to determine whether the target 

nucleic acid region is smaller, intermediate, or larger in size than the known control 

lengths. In some embodiments, a series of nucleic acids of known different lengths may 

30 be used to provide a calibration curve for evaluating the length of a target nucleic acid 

region of interest. 
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In some embodiments, the capture efficiency of a target region suspected of 

having a deletion or insertion is determined and comparing the capture efficiency to a 

reference indicative of a normal capture efficiency. In some embodiments, the capture 

efficiency is lower than the reference capture efficiency. In some embodiments, the 

5 subject is identified as having an insertion in the target region. In some embodiments, 

the capture efficiency is higher than the reference capture efficiency. In some 

embodiments, the subject is identified as having a deletion in the target region. In some 

embodiments, the subject is identified as being heterozygous for the insertion. In some 

embodiments, the subject is identified as being heterozygous for the deletion. 

10 In some embodiments, aspects of the invention relate to capturing a sub-target 

nucleic acid ( or a sequence of a sub-target nucleic acid). In some embodiments, a 

molecular inversion probe technique is used. In some embodiments, a molecular 

inversion probe is a single linear strand of nucleic acid that comprises a first targeting 

arm at its 5' end and a second targeting arm at its 3' end, wherein the first targeting arm 

15 is capable of specifically hybridizing to a first region flanking one end of the sub-target 

nucleic acid, and wherein the second targeting arm is capable of specifically hybridizing 

to a second region flanking the other end of the sub-target nucleic acid on the same 

strand of the target nucleic acid. In some embodiments, the first and second targeting 

arms are between about 10 and about 100 nucleotides long. In some embodiments, the 

20 first and second targeting arms are about 10-20, 20-30, 30-40, or 40-50 nucleotides long. 

In some embodiments, the first and second targeting arms arc about 20 nucleotides long. 

In some embodiments, the first and second targeting arms have the same length. In some 

embodiments, the hybridization Tms of the first and second targeting arms are similar. 

In some embodiments, the hybridization Tms of the first and second targeting arms are 

25 within 2-5 C of each other. In some embodiments, the hybridization Tms of the first and 

second targeting arms are identical. In some embodiments, the sub-target nucleic acid 

contains a nucleic acid repeat. In some embodiments, the nucleic acid repeat is a 

dinucleotide or trinucleotide repeat. In some embodiments, the sub-target nucleic acid 

contains 10-100 copies of the nucleic acid repeat in the absence of an abnormal increase 

30 or decrease in nucleic acid repeats. In some embodiments, the sub-target nucleic acid is 

a region of the Fragile-X locus that contains a nucleic acid repeat. In some 

embodiments, one or both targeting arms hybridize to a region on the target nucleic acid 
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that is immediately adjacent to a region of nucleic acid repeats. In some embodiments, 

one or both targeting arms hybridize to a region on the target nucleic acid that is 

separated from a region of nucleic acid repeats by a region that does not contain any 

nucleic acid repeats. In some embodiments, the molecular inversion probe further 

5 comprises a primer-binding region that can be used to sequence the captured sub-target 

nucleic acid and optionally the first and/or second targeting am1. 

In some embodiments, aspects of the invention relate to evaluating the length of a 

plurality of different target nucleic acids in a biological sample. In some embodiments, 

the plurality of target nucleic acids are analyzed using a plurality of different molecular 

10 inversion probes. In some embodiments, each different molecular inversion probe 

comprises a different pair of first and second targeting arms at each of the 3' and 5' ends. 

In some embodiments, each different molecular inversion probe comprises the same 

primer-binding sequence. 

In some embodiments, aspects of the invention relate to analyzing nucleic acid 

15 from a biological sample obtained from a subject. In some embodiments, the biological 

sample is a blood sample. In some embodiments, the biological sample is a tissue 

sample. In some embodiments, nucleic acids are analyzed in biological samples obtained 

from a plurality of different subjects. In some embodiments, nucleic acids from a 

biological sample are analyzed in multiplex reactions. It should be appreciated that a 

20 biological sample contains a plurality of copies of a genome derived from a plurality of 

cells in the sample. Accordingly, a sample contains a plurality of independent copies of 

a target nucleic acid region of interest, the capture efficiency of which can be used to 

evaluate its size as described herein. 

In some embodiments, methods are provided for diagnosing multiple heritable 

25 disorders in parallel at a pre-implantation, prenatal, perinatal, or postnatal stage. In 

some embodiments, the disclosure provides methods for analyzing multiple genetic loci 

(e.g., a plurality of target nucleic acids selected from Table 1 or 2) from a patient sample, 

such as a blood, pre-implantation embryo, chorionic villus or amniotic fluid sample. A 

patient or subject may be a human. However, aspects of the invention are not limited to 

30 humans and may be applied to other species (e.g., mammals, birds, reptiles, other 

vertebrates or invertebrates) as aspects of the invention are not limited in this respect. A 

subject or patient may be male or female. In some embodiments, in connection with 
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reproductive genetic counseling, samples from a male and female member of a couple 

may be analyzed. In some embodiments, for example, in connection with an animal 

breeding program, samples from a plurality of male and female subjects may be analyzed 

to determine compatible or optimal breeding partners or strategies for particular traits or 

5 to avoid one or more diseases or conditions. 

In some embodiments, aspects of the invention relate to evaluating a nucleic acid 

capture efficiency by determining an amount of target nucleic acid that is captured (e.g., 

an amount of sub-target nucleic acid sequences that are captured). In some 

embodiments, the amount of target nucleic acid that is captured is determined by 

10 determining a number of independently captured target nucleic acid molecules (e.g., the 

amount of independently captured molecules that have the sequence of the sub-target 

region). In some embodiments, the amount of target nucleic acid that is captured is 

compared to a reference amount of captured nucleic acid. In some embodiments, the 

reference amount is detennined by determining a number of independently captured 

15 molecules of a reference nucleic acid. In some embodiments, the reference nucleic acid 

is a nucleic acid of a different locus in the biological sample that is not suspected of 

containing a deletion or insertion. In some embodiments, the reference nucleic acid is a 

nucleic acid of known size and amount that is added to the capture reaction. As 

described herein, a number of independently captured nucleic acid sequences can be 

20 determined by contacting a nucleic acid sample with a preparation of a probe (e.g., a MIP 

probe as described herein). It should be appreciated that the preparation comprises a 

plurality of copies of the same probe and accordingly a plurality of independent copies of 

the target region may be captured by different probe molecules. The number of probe 

molecules that actually capture a sequence can be evaluated by determining an amount or 

25 number of captured molecules using any suitable technique. This number is a reflection 

of both the number of target molecules in the sample and the efficiency of capture of 

those target molecules, which in tum is related to the size of the target molecules as 

describedf herein. Accordingly, the capture efficiency can be evaluated by controlling 

for the abundance of the target nucleic acid, for example by comparing the number or 

30 amount of captured target molecules to an appropriate control (e.g., a known size and 

amount of control nucleic acid, or a different locus that should be present in the same 

amount in the biological sample and is not expected to contain any insertions or 
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deletions). It should be appreciated that other factors may affect the capture efficiency of 

a particular target nucleic acid region (e.g., the sequence of the region, the GC content, 

the presence of secondary structures, etc.). However, these factors also can be accounted 

for hy using appropriate controls (e.g., known sequences having similar properties, the 

5 same sequences, other genomic sequences expected to be present in the biological 

sample at the same frequency, etc., or any combination thereof). 

In some embodiments, aspects of the invention relate to identifying a subject as 

having an insertion or deletion in one or more a11eles of a genetic locus if the capture 

efficiency for that genetic locus is statistically significantly different than a reference 

IO capture efficiency. 

It should be appreciated that hybridization conditions used for any of the capture 

techniques described herein (e.g., MIP capture techniques) can be based on known 

hybridization buffers and conditions. 

In some embodiments, a diagnosis, prognosis, or disease risk assessment is 

15 provided to a subject based on a genotype determined for that subject at one or more 

genetic loci (e.g., based on the analysis of a biological sample obtained from that 

subject). In some embodiments, an assessment is provided to a couple, based on their 

respective genotypes at one or more genetic loci, of the risk of their having one or more 

children having a genotype associated with a disease or condition (e.g., a homozygous or 

20 heterozygous genotype associated with a disease or condition). In some embodiments, a 

subject or a couple may seek genetic or reproductive counseling in connection with a 

genotype determined according to embodiments of the invention. The methods 

disclosed herein are useful for any application where the detection of deletions or 

insertions is important. 

25 

Brief Description of the Drawings 

Figure 1 is reproduced from Deng et al., Nature Biotech. 27:353-60, (see 

Supplemental Fig. lG) and illustrates: An "analysis of the effects of probe 

30 characteristics on capturing efficiency. The statistical package Rand its effects module 

were used for this analysis. A linear model was used, and each individual factor was 

assumed to be independent. The dashed lines represent a 95% confidence interval. 
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Shorter target sequences were captured with higher efficiency than long target sequences 

(p < 2x10-16
)." 

Figure 2 illustrates a non-limiting scheme of padlock capture of a region that 

includes hoth repetitive regions (thick wavy line) and the adjacent unique sequence 

5 (thick strait line). The regions of the probe are indicated with the targeting arms shown 

as regions "1" and "3." An intervening region that may be, or include, a sequencing 

primer binding site is shown as "2." After the padlock is circularized and amplified, it 

can he end-sequenced to ohtain the sequence of the unique sequence, which represents 

the repetitive region of interest. 

10 Figure 3 illustrates a non-limiting hypothetical relationship between target gap 

15 

size and the relative number of reads of the repetitive region, which is measured by the 

ratio of the repeat "representative" reads vs. the "control" region reads. The unit of y­

axis is arbitrary. 

Description of the Invention 

Aspects of the invention relate to detecting the presence of an insertion or 

deletion at a genomic locus without requiring the locus to be sequenced. Aspects of the 

invention are particularly useful for detecting an insertion or deletion in a nucleic acid 

region that contains high levels of sequence repeats. The presence of sequence repeats at 

20 a genetic locus is often associated with relatively high levels of polymorphism in a 

population due to insertions or deletions of one or more of the sequence repeats at the 

locus. The polymorphisms can be associated with diseases or predisposition to diseases 

(e.g., certain polymorphic alleles are recessive alleles associated with a disease or 

condition). However, the presence of sequence repeats often complicates the analysis of 

25 a genetic locus and increases the risk of errors when using sequencing techniques to 

determine the precise sequence and number of repeats at that locus. 

Aspects of the invention relate to determining the size of a genetic locus by 

evaluating the capture frequency of a portion of that locus suspected of containing an 

insertion or deletion (e.g., due to the presence of sequence repeats) using a nucleic acid 

30 capture technique (e.g., a nucleic acid sequence capture technique based on molecular 

inversion probe technology). According to aspects of the invention, a statistically 

significant difference in capture efficiency for a genetic locus of interest in different 
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biological samples (e.g., from different subjects) is indicative of different relative lengths 

in those samples. It should be appreciated that the length differences may be at one or 

both alleles of the genetic locus. Accordingly, aspects of the invention may be used to 

identify polymorphisms regardless of whether biological samples being interrogated at 

5 heterozygous or homozygous for the polymorphisms. According to aspects of the 

invention, subjects that contain one or more loci with an insertion or deletion can be 

identified by analyzing capture efficiencies for nucleic acids obtained from one or more 

biological samples using appropriate controls (e.g., capture efficiencies for known 

nucleic acid sizes, capture efficiencies for other regions that are not suspected of 

IO containing an insertion or deletion in the biological sample(s), or predetermined 

reference capture efficiencies, or any combination thereof. However, it should be 

appreciated that aspects of the invention are not limited by the nature or presence of the 

control. In some embodiments, if a statistically significant variation in capture efficiency 

is detected, a subject may be identified as being at risk for a disease or condition 

15 associated with insertions or deletions at that genetic locus. In some embodiments, the 

subject may be analyzed in greater detail in order to determine the precise nature of the 

insertion or deletion and whether the subject is heterozygous or homozygous for one or 

more insertions or deletions. For example, gel electrophoresis of an amplification (e.g., 

PCR) product of the locus, or Southern blotting, or any combination thereof can be used 

20 as an orthogonal approach to verify the length of the locus. In some embodiments, a 

more exhaustive and detailed sequence analysis of the locus can be performed to identify 

the number and types of insertions and deletions. However, other techniques may be 

used to further analyze a locus identified as having an abnormal length according to 

aspects of the invention. 

25 Accordingly, aspects of the invention relate to detecting abnormal nucleic acid 

lengths in genomic regions of interest. In some embodiments, the invention aims to 

estimate the size of genomic regions that are hard to be accessed, such as repetitive 

elements. However, it should be appreciated that methods of the invention do not require 

that the precise length be estimated. In some embodiments, it is sufficient to determine 

30 that one or more alleles with abnormal lengths are present at a locus of interest (e.g., 

based on the detection of abnormal capture efficiencies). 
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In a non-limiting example, fragile X can be used to illustrate aspects of the 

invention where the size of trinucleotide repeats (genotype) is linked to a symptom 

(phenotype). However, it should be appreciated that fragile Xis a non-limiting example 

and similar analyses may he performed for other genetic loci (e.g., independently or 

5 simultaneously in multiplex analyses). 

According to aspects of the invention, repetitive regions are surrounded by non­

repetitive unique sequences, which can be used to amplify the repeat-containing regions 

using, for example, PCR or padlock (MIP)-hased method. 

In addition to the repetitive regions, a probe (e.g., a MIP or padlock probe) can be 

10 designed to include at least a sequence that is sufficient to be uniquely identified in the 

genome ( or target pool). After the probe is circularized and amplified, the amplicon can 

be end-sequenced so that the unique sequence can be identified and served as the 

"representative" of the repetitive region (Figure 2). Although capturing efficiency is 

overall negatively correlated with target length, different probe sequences may have 

15 unique features. Therefore, multiple probes could be designed and tested so that an 

optimal one is chosen to be sensitive enough to differentiate repetitive sizes of roughly 0-

150bp, 150-600bp, and beyond, which represent normal, premutation and full mutation 

of fragile X syndrome, respectively. However, it should be appreciated that other probe 

sizes and sequences can be designed, and optionally optimized, to distinguish a range of 

20 repeat region size differences (e.g., length differences of about 3-30 bases, about 30-60 

bases, about 60-90 bases, about 90-120 bases, about 120-150 bases, about 150-300 bases, 

about 300-600 bases, about 600-900 bases, or any intermediate or longer length 

difference). It should be appreciated that a length difference may be an increase in size 

or a decrease in size. 

25 In some embodiments, an initial detem1ination of an unexpected capture 

frequency is indicative of the presence of size difference. In some embodiments, an 

increase in capture frequency is indicative of a deletion. In some embodiments, a 

decrease in capture frequency is indicative of an insertion. However, it should be 

appreciated that depending on specific sequence parameters and the relative sizes of the 

30 capture probes, the target region, and the deletions or insertions, a change in capture 

frequency can be associated with either an increase or decrease in target region length. 
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In some embodiments, the precise nature of the change can be determined using one or 

more additional techniques as described herein. 

Use of molecular inversion probes has been demonstrated for detection of single 

nucleotide polymorphisms (Hardenhol et al. 2005 Genome Res 15:269-75) and for 

5 preparative amplification of large sets of exons (Porreca et al. 2007 Nat Methods 4:931-

6, Krishnakumar et al. 2008 Proc Natl Acad Sci USA 105:9296-301). In both cases, 

oligonucleotide probes are designed which have ends ('targeting arms') that hybridize 

up-stream and down-stream of the locus that is to he amplified. Following hybridization, 

polymerase fill-in and ligation reactions are performed to convert the hybridized probe to 

10 a covalently-closed, circular molecule containing the desired target. PCR or rolling 

circle amplification plus exonuclease digestion of non-circularized material is performed 

to isolate and amplify the circular targets from the starting nucleic acid pool. Since one 

of the main benefits of the method is the potential for a high degree of multiplexing, 

generally lhousands of largels are caplured in a single reaclion conlaining lhousands of 

15 probes. 

Accordingly, in some aspects a MIP probe includes a linear nucleic acid strand 

that contains two hybridization sequences or targeting arms, one at each end of the linear 

probe, wherein each of the hybridization sequences is complementary to a separate 

sequence on a the same strand of a target nucleic acid, and wherein these sequences on 

20 the target nucleic acid flank the two ends of the target nucleic acid sequence of interest. 

It should be appreciated that upon hybridization, the two ends of the probe arc inverted 

with respect to each other in the sense that both 5' and 3' ends of the probe hybridize to 

the same strand to separate regions flanking the target region (as illustrated in Figure 2 

for example). 

25 In some embodiments, the hybridization sequences arc between about 10-100 

nucleotides long, for example between about 10-30, about 30-60, about 60-90, or about 

20, about 30, about 40, or about 50 nucleotides long. However, other lengths may be 

used depending on the application. In some embodiments, the hybridization Tms of both 

targeting arms of a probe are designed or selected to be similar. In some embodiments, 

30 the hybridization Tms of the targeting arms of a plurality of probes designed to capture 

different target regions are selected or designed to be similar so that they can be used 

together in a multiplex reaction. Accordingly, a typical size of a MIP probe prior to fill-
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in is about 60-80 nucleotides long. However, other sizes can be used depending on the 

sizes of the targeting arms and any other sequences (e.g., primer binding or tag 

sequences) that are present in the MIP probe. In some embodiments, MIP probes are 

designed to avoid sequence-dependent secondary structures. In some embodiments, MIP 

5 probes are designed such that the targeting arms do not overlap with known polymorphic 

regions. In some embodiments, targeting anns that can be used for capturing the repeat 

region of the Fragile X locus can have the following sequences or complementary to 

these sequences depending on the strand that is captured. 

left: CTCCGTTTCGGTTTCACTTC 

right: A TCTTCTCTTCAGCCCTGCT 

The typical captured size using these targeting arms is about 100 nucleotides in 

length (e.g., about 30 repeats of a tri-nucleotide repeat). 

In some embodiments, the number of reads obtained for the "representative" of 

the repetitive region is not infonnati ve to estimate the target length because it is 

15 dependent on the total number of reads obtained. To overcome this, it is useful to include 

one or more probes that target other "control" regions where no or minimal 

polymorphism exists among populations. Because of the systematic consistency of 

capturing efficiency (Figure 2), the ratio of reads obtained for the repetitive 

"representative" to reads obtained for the control region(s) will be tuned using DNA with 

20 defined numbers of repeats. Ultimately, the ratio can serve as a measure of the repeat 

length (Figure 3). 

In some embodiments, to better tell targets with similar size range apart, the 

whole repetitive region can be sequenced by making a shotgun library (e.g., by making a 

shotgun library from a captured sequence, for example a sequence captured using a MIP 

25 probe). The longer the repeat is, the more short reads of repeats will be obtained. 

Therefore, the target length will contribute twice to the relative number of "repetitive" 

reads, which will gainer better resolution of differentiating targets. In some 

embodiments, the expectation is that the number of reads from any given repeat will be a 

direct function of the number of repeats present. However, in some embodiments, a 

30 Poisson sampling-induced spread may need to be considered and in some embodiments 

may be sufficiently large to limit the resolution. 
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Other non-limiting examples of loci at which insertions or deletions or repeat 

sequences may be associated with a disease or condition are provided in Tables 1 and 2. 

It should be appreciated that the presence of an abnormal length at any one or more of 

these loci may he evaluated according to aspects of the invention. In some embodiments, 

5 two or more of these loci or other loci may be evaluated in a single multiplex reaction 

using different probes designed to hybridize under the same reaction conditions to 

different target nucleic acid in a biological sample. 

Tahle 1. 

Polyglutamine (PolyO) Diseases 

I 
Type 

II 
Gene 11 NormaUwildtype II Pathogenic 

I 

DRPLA 
ATNl or BG (Dcntatorubropallidoluysian 

DRPLA 
atrophy) 

HD (Huntington's HTT 

I 
10- 35 

II 
35+ 

I disease) (Huntingtin) 

SBMA (Spinobulbar Androgen BG muscular atrophy or Kennedy receptor on the X 
disease) chromosome. 

SCAl 113G (Spinocerebellar ataxia Type ATXNl 
1) 

SCA2 IBG (Spinocerebellar ataxia Type ATXN2 
2) 

SCA3 IBG (Spinocerebellar ataxia Type ATXN3 
3 or Machado-Joseph disease) 

SCA6 

CACNA1AIBG (Spinocerebellar ataxia Type 
6) 

SCA7 IBG (Spinocerebellar ataxia Type ATXN7 
7) 

SCA17 IBG (Spinocerebellar ataxia Type TBP 
17) 
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Table 2. 
Non-Polyglutamine Diseases 

I Type II Gene II Codon IINormal/wildtypell Pathogenic I 
FRAXA FMRJ, GI IG (Fragile X on the X- 6 - 53 

syndrome) chromosome 

FXTAS 
(Fragile X- rMRJ, 
associated on the X- CGG 6 - 53 55-200 
tremor/ ataxia chromosome 
syndrome) 

FRAXE 
AFF2 or G [3 (Fragile XE 

FMR2, on the X- 6 - 35 
mental 

chromosome 
retardation) 

FRDA 
FXNor GI L3 (Fricdrcich's 

X25, ( frataxin) 
7 - 34 

ataxia) 

DM G~II 113 (Myotonic 5 - 37 
dystrophy) 

SCA8 
OSCA or GI II~ ( Spinoccrcbcllar 

SCA8 
16 - 37 

ataxia Type 8) 

SCA12 
PPP2R2B CAG I IG ( Spinoccrcbcllar 

or SCA12 On 5' end 
7 - 28 

ataxia Type 12) 

The following examples illustrate aspects and embodiments of the invention and 

5 are not intended to be limiting or restrictive. Many variations of the invention will 

become apparent to those skilled in the art upon review of this specification. The full 

scope of the invention should be determined by reference to the claims, along with their 

fu]] scope of equivalents, and the specification, along with such variations. 

Examples 

MIP capture of 'target' locus and 'control' loci 

In some embodiments, to accurately quantify the efficiency of target locus 

capture, at least three sets of control loci are captured in parallel that have a priori been 

shown to serve as proxies for various lengths of target locus. For example, if the target 
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locus is expected to have a length between 50 and 1000 hp, then sets of control loci 

having lengths of 50, 250, and 1000 bp could be captured ( e.g. 20 loci per set should 

provide adequate protection from outliers), and their abundance digitally measured by 

sequencing. These loci should he chosen such that minimal variation in efficiency 

5 between samples and on multiple runs of the same sample is observed (and are therefore 

'efficiency invariant'). These will serve as 'reference' points that define the shape of the 

curve of abundance-vs-length. Determining the length of the target is then simply a 

matter of 'reading' the length from the appropriate point on the calibration curve. 

In some embodiments, the statistical confidence one has in the estimate of target 

10 length from this method is driven largely by three factors: 1) reproducibility I variation of 

the abundance data used to generate the calibration curve; 2) goodness of fit of the 

regression to the 'control' datapoints; 3) reproducibility of abundance data for the target 

locus being measured. Statistical bounds on 1) and 2) will be known in advance, having 

been measured during development of the assay. Additionally, statistical bounds on 3) 

15 will be known in general in advance, since assay development should include adequate 

population sampling and measure of technical reproducibility. Standard statistical 

methods should be used to combine these three measures into a single P value for any 

given experimental measure of target abundance. 

In some embodiments, given the set of calibration observations, and a linear 

20 regression fit to that data, the regression can be used to predict the length value for n 

observations of the target locus whose length is unknown. First, choose an acceptable 

range for the confidence interval of the length estimate. For example, in the case of 

distinguishing "normal" (87-93bp) from "premutation" ( 165-600bp) potential cases of 

Fragile X, the goal is to measure length to sufficient precision to distinguish 93 bp from 

25 165 hp. The predicted response value, computed when n observations is substituted into 

the equation for the regressed line, will have arbitrary precision. However, if for 

example a 95% confidence level is desired, that 95% confidence interval must be 

sufficiently short that it does not overlap both the "normal" and "premutation" length 

ranges. Continuing the example, if one calculates a length of 190 from n=400 MIP 

30 observations, and based on the regression from calibration data, the 95% confidence 

interval is 190 +/- 20 bp, one can conclude the sample represents a "premutation" length 

with 95% certainty. Conversely, if the calibration data were less robust, error estimates 
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of the regression would be higher, leading to larger confidence intervals on the predicted 

response value. In some embodiments, if the 95% CI were calculated as 190 +/- 100 bp 

from n=400, one could not determine whether the predicted response value corresponds 

to a "normal" or "premutation" length. 

In some embodiments, the confidence interval for a predicted response is 

calculated as: 
,.._ 

The estimate for the response Y is identical to the estimate for the mean of the 
.,... 

response: Y = ho + b 1X *. The confidence interval for the predicted value is given 
A A 

by Y ± t * sY, where Y is the fitted value corresponding to x *. The value t * is the 

upper ( 1 - C)/2 critical value for the t(n - 2) distribution. 

In some embodiments, a technique for analyzing a locus of interest can involve 

the following steps. 

Convert hybridized probes into covalently-closed circular products containing 

15 subtargets 

20 

25 

Prepare fill-in/ ligation reaction mixture: 

• 0.25 ul 

• 2.5 ul 

• 5.0 ul 

• 12.5 ul 

• 4.75ul 

2 mM dNTP mix (Invitrogen) 

1 OX Ampligase buffer (Epicentre) 

5 U/ul Tag Stoffel fragment (Applied Biosystems) 

5 U /ul Ampligase (Epicentre) 

dH20 

Add 1.0 ul of this mix to the hybridized probe reaction, and incubate at 60C for 

IO hours. 

Pur~fy circularized probe I subtarget products from un-reacted probes and 

genomic DNA 

Prepare exonuclease reaction mixture: 

• 21 ul fill-in/ ligation reaction product 

• 2.0 ul 10X exonuclease I buffer (New England Biolabs) 

30 • 2.0 ul 20 U/ul exonuclease I (New England Biolabs) 

• 2.0 ul 100 U/ul exonuclease III (New England Biolabs) 
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Incubte at 37C for 60 min, then heat-inactivate by incubating at 80C for 15 min. 

Immediately cool to 4C for storage. 

Amplify circular material by PCR using primers specific to the 'constant 

5 region' of the probes 

Prepare PCR mixture: 

• 5.0 ul 10X Accuprime reaction buffer (lnvitrogen) 

• 1.5 ul 10 uM CP-2-FA-Ilmn (platform-specific amplification sequence plus 

'circle constant region'-specific sequence) 

IO • 1.5 ul 10 uM CP-2-RA-Ilmn (platform-specific amplification sequence plus 

'circle constant region'-specific sequence) 

• 0.4 ul 25 mM dNTP mix (Invitrogen) 

• 2.0 ul heat-inactivated exonuclease reaction mix 

• 1.5 ul 10X SybrGreen (Invitrogen) 

15 • 0.4 ul 2.5 U/ul Accuprime Pfx polymerase (Invitrogen) 

• 37.7 uldH2O 

Thermal cycle in real-time thermal cycler according to the following protocol, but 

stop cycling before amplification yield plateaus (generally 8-12 cycles): 

1. 95C for 5 min 

20 2. 95Cfor30sec 

3. SBC for 60 sec 

4. 72C for 60 sec 

5. goto 2, N more times 

Perform sequencing ( e.g., next-generation sequencing) on sample for digital 

25 quantitation according to manufacturer's instructions ( e.g., Illumina, ABI) 

30 

It should be appreciated that the preceding examples are non-limiting and aspects 

of the invention may be implemented as described herein using alternative techniques 

and/or protocols that are available to one or ordinary skill in the art. 

What is claimed is: 
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Claims 

1. A method for determining whether a target nucleic acid has an abnormal 

length, the method comprising evaluating the capture efficiency of a target nucleic acid 

in a biological sample from a subject, wherein a capture efficiency that is different from 

5 a reference capture efficiency is indicative of the presence, in the biological sample, of a 

target nucleic acid having an abnom1al length. 

2. The method of claim 1, comprising determining the capture efficiency of 

a target region suspected of having a deletion or insertion and comparing the capture 

10 efficiency to a reference indicative of a normal capture efficiency. 

3. The method of claim 1 or 2, wherein the capture efficiency is lower than 

the reference capture efficiency. 

15 4. The method of claim 3, wherein the subject is identified as having an 

insertion in the target region. 

5. The method of claim 1 or 2, wherein the capture efficiency is higher than 

the reference capture efficiency. 

20 

6. The method of claim 5, wherein the subject is identified as having a 

deletion in the target region. 

7. The method of claim 4, wherein the subject is identified as being 

25 heterozygous for the insertion. 

8. The method of claim 6, wherein the subject is identified as being 

heterozygous for the deletion. 

30 9. The method of any prior claim, wherein a sub-target nucleic acid is 

captured from the target nucleic acid using a molecular inversion probe. 
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10. The method of claim 9, wherein the molecular inversion probe comprises 

a first targeting arm at its 5' end and a second targeting arm at its 3' end, wherein the 

first targeting arm is capable of specifically hybridizing to a first region flanking one end 

of the sub-target nucleic acid, and wherein the second targeting arm is capable of 

5 specifically hybridizing to a second region flanking the other end of the sub-target 

nucleic acid on the same strand of the target nucleic acid. 

11. The method of claim 10, wherein the first and second targeting arms are 

between about 10 and about 100 nucleotides long. 

12. The method of claim 11, wherein the first and second targeting arms are 

about 10-20, 20-30, 30-40, or 40-50 nucleotides long. 

13. The method of claim 12, wherein the first and second targeting arms are 

15 about 20 nucleotides long. 

14. The method of any one of claims 10-13, wherein the first and second 

targeting arms have the same length. 

20 15. The method of any one of claims 10-14, wherein the hybridization Tms of 

the first and second targeting arms arc similar. 

16. The method of claim 15, wherein the hybridization Tms of the first and 

second targeting arms are within 2-5 C of each other. 

25 

17. The method of claim 15, wherein the hybridization Tms of the first and 

second targeting arms are identical. 

18. The method of any one of claims 9-17, wherein the sub-target nucleic acid 

30 contains a nucleic acid repeat. 
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19. The method of claim 18, wherein the nucleic acid repeat is a dinucleotide 

or trinucleotide repeat. 

20. The method of claim 18, wherein the suh-target nucleic acid contains 10-

5 100 copies of the nucleic acid repeat in the absence of an abnormal increase or decrease 

in nucleic acid repeats. 

15 

21. The method of claim 18, wherein the suh-target nucleic acid is a region of 

the Fragile-X locus that contains a nucleic acid repeat. 

22. The method of any one of claims 10-17, wherein one or both targeting 

arms hybridize to a region on the target nucleic acid that is immediately adjacent to a 

region of nucleic acid repeats. 

23. The method of any one of claims 10-17, wherein one or both targeting 

arms hybridize to a region on the target nucleic acid that is separated from a region of 

nucleic acid repeats by a region that does not contain any nucleic acid repeats. 

24. The method of any one of claims 10-17, wherein the molecular inversion 

20 probe further comprises a primer-binding region that can be used to sequence the 

captured sub-target nucleic acid and optionally the first and/or second targeting arm. 

25. The method of any of the prior claims, wherein a plurality of different 

target nucleic acids are analyzed in a biological sample. 

25 

26. The method of claim 25, wherein the plurality of target nucleic acids are 

analyzed using a plurality of different molecular inversion probes. 

27. The method of claim 26, wherein each different molecular inversion 

30 probe comprises a different pair of first and second targeting arms at each of the 3' and 

5' ends. 
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28. The method of claim 27, wherein each different molecular inversion 

probe comprises the same primer-binding sequence. 

29. The method of any prior claim, wherein the biological sample is a hlood 

sample. 

30. The method of any prior claim, wherein the biological sample is a tissue 

sample. 

31. The method of any prior claim, wherein the capture efficiency is 

evaluated by determining an amount of target nucleic acid that is captured. 

32. The method of claim 31, wherein the amount of target nucleic acid that is 

captured is determined by detennining a number of independently captured target nucleic 

15 acid molecules. 

33. The method of claim 31 or 32, wherein the amount of target nucleic acid 

that is captured is compared to a reference amount of captured nucleic acid. 

20 34. The method of claim 33, wherein the reference amount is determined by 

determining a number of independently captured molecules of a reference nucleic acid. 

35. The method of claim 34, wherein the reference nucleic acid is a nucleic 

acid of a different locus in the biological sample that is not suspected of containing a 

25 deletion or insertion. 

30 

36. The method of claim 34, wherein the reference nucleic acid is a nucleic 

acid of known size and amount that is added to the capture reaction. 

37. The method of any prior claim, wherein a subject is identified as having 

an insertion or deletion in one or more alleles of the genetic locus if the capture 

efficiency is statistically significantly different that the reference capture efficiency. 
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3 8. A method for estimating the length of a target nucleic acid, the method 

comprising: 

(i) contacting the target nucleic acid with a plurality of detection prohes under 

5 conditions that permit hybridization of the detection probes to the target nucleic acid, 

wherein each detection probe is a polynucleotide that comprises a first 

arm that hybridizes to a first region of the target nucleic acid and a second arm that 

hyhridizes to a second region of the target nucleic acid, 

wherein the first and second regions are on a common strand of the target 

10 nucleic acid, and 

wherein the nucleotide sequence between the 5' end of the first region and 

the 3' end of the second region is the nucleotide sequence of a sub-target nucleic acid; 

and 

(ii) capturing a plurality of sub-target nucleic acids that are hybridized with 

15 the plurality of detection probes; and 

(iii) measuring the frequency of occurrence of a sub-target nucleic acid in the 

plurality of sub-target nucleic acids, wherein the frequency of occurrence of the sub­

target nucleic acid in the plurality of sub-target nucleic acids is indicative of the length of 

the sub-target nucleic acid. 
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Abstract 

Aspects of the invention relate to methods for detecting abnormal nucleic acid 

lengths in a biological sample by using assays capable of detecting abnormal sequence 

capture efficiencies. 
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Figure 2 
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characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a 
Post Card, as described in MPEP 503. 

New Applications Under 35 U.S.C. 111 
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR 
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this 
Acknowledgement Receipt will establish the filing date of the application. 

National Stage of an International Application under 35 U.S.C. 371 
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35 
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a 
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course. 

New International Application Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 0), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 




