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SUMMARY

[00072a] In one aspect. there is provided a method of analvzing a biological sample of an

organism, the biological sample including nucleic acid molecules originating from normal cells

and potentially from cells associated with cancer., wherein at least some of the nucleic acid

moalecules are cell-free in the biological samnple, the method comprising: analyzing a plurality of

DNA molecules from the biological sample., wherein analvzing a DNA molecule includes:

determining a location of the DNA molecule in a genome of the organism: determining whether

the DNA molecule is methvlated at one or more sites: for each of a plurality of sites:

determining a respective number of DNA molecules that are methvlated at the site; calculating a

first methvlation level based on the respective numbers of DNA molecules methvlated at the

vlurality of sites; comparing the first methvlation level to a first cutoff value: determining a first

classification of a level of cancer based on the comparison.

[0007b] In another aspect. there is provided a method of determining a first methvlation profile

from a biological sample of an orpanism, the biological sample including cell-free DNA

comprising a mixture of cell-free DNA molecules originating from a first tissue and from a

second tissue, the method comprising: obtaining a second methylation profile comresponding to

DNA molecules of the second tissue, the second methviation profile providing a second

methvlation density at each of a plurality of loci in a genome of the organism. the second

methvlation deusitv at a particular locus corresponding 10 a proportion of DNA molecules of the

second tissue that are methvlated; determining a cell-free methvlation profile from the cell-free

DNA" molecules of the mixture, the cell-free methviation profile providing a mixtwe g

methviation density at each of the plurality of loci; determining a percentage of the cell-free

methviation profile of the first tissue byv: for each of the ‘;;iumhw of loci: calculating a

differential parameter that includes a difference between the second methviation densitv of the

second methylation profile and the mixture methylation density of the cell-free methvlation

profile, the difference being scaled by the percentage,

16007¢] In another aspect, there is provided a method of determining a fivst methvlation profile

from a biological sample of an orsanism, the biological sample including cell-free DNA

comprising a mixture of cell-free DNA originating from a first tissue and from a second tissue,

the method comprising: analvzing a shlurality of DNA molecules from the biclogical sample.

wherein analvzing a DNA molecule includes: determining a location of the DNA molecule in a

senome of the organism: determining a genotvpe of the PNA molecule; determining whether the
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DNA molecule is methvlated at one or more sites: identifving a plurality of first loci at which a

first genome of the first tissue is heterozveous for a respective first allele and a respective

second allele and a second genome of the second tissue is homozyvgous for the respective first

allele: for each of the first loci: for each of one or more sites associated with the locus:

determining a number of DNA molecules that are methvilated at the site and correspond to the

respective second allele of the locus: calculating a methylation densitv based on the numbers of

DNA molecules methvlated at the one or more sites of the locus and corresponding to the

respective second allele of the locus: creating the first methvlation profile of the first tissue from

the methvlation densities for the first loci.

[00074] In another aspect, there is provided a method of detecting a chromosomal abnormality

from a biclogical sample of an orsanism, the biclogical sample including cell-free DNA

comprising a mixture of cell-free DNA originating from a first tissue and from a second tissue,

the method comprising: analvzine a plurality of DNA molecules from the biclogical sample.

wherein analvzing a DNA molecule includes: determining a location of the DNA molecule in a

reference genome; determining whether the DNA molecule is methylated at one or more sites:

for each of a pluralitv of sites: determining a respective number of DNA molecules that are

methvlated at the site: calculating a first methvlation level of a first chromosomal region based

on the respective numbers of DNA molecules methvlated at sites within the first chromosomal

region: comparing the first methviation level to a cutoff value: determining g classification of an

abnormality in the first tissue for the first chromosomal region based on the comparison.

10067e] In another aspect, there is provided a computer product comprising a non-transitory

computer readable medium storing a plurality of instructions that when executed control a

computer svstem to perform the method of any one of claims 1-111.

[0008] Embodiments provide systems, methods, and apparatuses for determining and using
methylation profiles of various tissues and samples. Examples are provided. A methylation |
profile can be deduced for fetal/tumor tissue based on a comparison of plasma methylation (or
other sample with cell-free DNA, e.g., urine, saliva, genital washings) to a methylation profile of
the mother/patient. A methylation profile can be determined for fetal/tumor tissue using tissue-
specific alleles to identify DNA from the fetus/tumor when the sample has a mixture of DNA. A
methylation profile can be used to determine copy number variations in genome of a

fetus/tumor. Methylation markers for a fetus have been identified via various techniques. The

methylation profile can be determined by determining a size parameter of a size distribution of
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DNA fragments, where reference values for the size parameter can be used to determine

methylation levels.

[0009] Additionally, a methylation level can be used to determine a level of cancer. In the
context of cancer, the measurement of the methylomic changes in plasma can allow one to detect
the cancer (e.g. for screening purposes), for monitoring (e.g. to detect response following anti-
cancer treatment; and to detect cancer relapse) and for prognostication (e.g. for measuring the
load of cancer cells in the body or for staging purposes or for assessing the chance of death from

disease or disease progression or metastatic processes).

[0010] A better understanding of the nature and advantages of embodiments of the present
invention may be gained with reference to the following detailed description and the

accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1A shows a table 100 of sequencing results for maternal blood, placenta, and

maternal plasma according to embodiments of the present invention.

[0012] FIG. 1B shows methylation density in 1-Mb windows of sequenced samples according

to embodiments of the present invention.

[0013] FIGS. 2A-2C show plots of the beta-values against the methylation indices: (A)

Maternal blood cells, (B) Chorionic villus sample, (C) Term placental tissue.
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WHAT IS CLAIMED IS:

1. A method of analyzing a biological sample of an organism, the biological
sample including nucleic acid molecules originating from normal cells and potentially from cells
associated with cancer, wherein at least some of the nucleic acid molecules are cell-free in the
biological sample, the method comprising:

analyzing a plurality of DNA molecules from the biological sample, wherein
analyzing a DNA molecule includes:

determining a location of the DNA molecule in a genome of the organism;
determining whether the DNA molecule is methylated at one or more sites;
for each of a plurality of sites:
determining a respective number of DNA molecules that are methylated at the
site;

calculating a first methylation level based on the respective numbers of DNA
molecules methylated at the plurality of sites;

comparing the first methylation level to a first cutoff value;

determining a first classification of a level of cancer based on the comparison.

2. The method of claim 1, wherein determining whether the DNA molecule
is methylated at one or more sites includes:

performing methylation-aware sequencing.

3. The method of claim 2, wherein performing methylation-aware
sequencing includes:
treating the DNA molecules with sodium bisulfite; and

performing sequencing of the treated DNA molecules.

4. The method of claim 3, wherein the treatment of the cell-free DNA
molecules with sodium bisulfite is part of Tet-assisted bisulfite conversion or oxidative bisulfite

sequencing for the detection of 5-hydroxymethylcytosine.

5. The method of claim 2, wherein the respective numbers of DNA
molecules for each region are determined by aligning sequence reads obtained from the

methylation-aware sequencing.
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6. The method of claim 1, wherein determining whether the DNA molecule
is methylated at one or more sites includes using methylation-sensitive restriction enzymes
digestion, methylation-specific PCR, methylation-dependent DNA precipitation, methylated

DNA binding protein/peptide or single molecule sequencing without sodium bisulfite treatment.

7. The method of claim 1, further comprising:
for each of a first plurality of regions of the genome:
determining a respective number of DNA molecules as being from the region;
calculating a respective normalized value from the respective number;
comparing the respective normalized value to a reference value to determine
whether the respective region exhibits a deletion or an amplification;
determining a first amount of regions that are determined to exhibit a deletion or
an amplification;
comparing the first amount to a first threshold value to determine a second
classification of a level of cancer; and
using the first classification and the second classification to determine a third

classification of a level of cancer.

8. The method of claim 7, wherein the first threshold value is a percentage of

the first plurality of regions that are determined to exhibit a deletion or an amplification.

9. The method of claim 7, wherein the third classification is positive for

cancer only when both the first classification and the second classification indicate cancer.

10.  The method of claim 7, wherein the third classification is positive for

cancer when either the first classification or the second classification indicate cancer.

11. The method of claim 1 or 7, wherein the first classification indicates that
cancer exists for the organism, the method further comprising:

identifying a type of cancer associated with the organism by comparing the first
methylation level to a corresponding value determined from other organisms, wherein at least

two of the other organisms are identified as having different types of cancer.

12. The method of claim 11, wherein the third classification indicates that
cancer exists for the organism, the method further comprising:
identifying the type of cancer associated with the organism by comparing the first

amount of regions to corresponding values determined from the other organisms.
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13.  The method of claim 1 or 7, wherein calculating the first methylation
level includes:
identifying a second plurality of regions of the genome;
identifying one or more sites within each of the regions;
calculating a region methylation level for each region, wherein the first
methylation level is for a first region,
the method further comprising:
comparing each of the region methylation levels to a respective region
cutoff value, including comparing the first methylation level to the first cutoff value;
determining a second amount of regions that are determined to have a
region methylation level exceeding the respective region cutoff value; and
comparing the second amount of regions to a second threshold value to

determine the first classification.

14.  The method of claim 13, wherein the regions that are determined to
have a region methylation level exceeding the respective region cutoff value correspond to a
first set of regions, the method further comprising:

comparing region methylation levels of the first set of regions to
corresponding region methylation levels of other organisms for the first set of regions, the
other organisms having at least two of: a first type of cancer, absence of cancer, and a second
type of cancer; and

determining whether the organism has the first type of cancer, absence of

cancer, or the second type of cancer based on the comparison.

15.  The method of claim 14, further comprising:

clustering the other organisms based on the region methylation levels of the
first set of regions, wherein two of the clusters correspond to any two of: the first type of
cancer, absence of cancer, and the second type of cancer,

wherein the comparison of the region methylations levels determines which

cluster the organism belongs.

16.  The method of claim 15, wherein the clustering of the other organisms

uses the region methylation levels of the organism.
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17. The method of claim 15, wherein the clusters include a first cluster
corresponding to the first type of cancer, a second cluster corresponding to the second type of

cancer, and a third cluster corresponding to absence of cancer.

18. The method of claim 15, wherein the clustering of the other organisms is
further based on respective normalized values of a second set of regions for the other organisms,
the second set of regions correspond to regions that are determined to exhibit a deletion or an
amplification, wherein the respective normalized value for a region is determined from a
respective number of DNA molecules from the region, the method further comprising:

for each of the second set of regions:

determining a respective number of DNA molecules as being from the region;
calculating a respective normalized value from the respective number; and
comparing the respective normalized values of the second set of regions for the
organism to the respective normalized values of the other organisms as part of determining

which cluster the organism belongs.

19.  The method of claim 18, wherein the clustering of the other organisms is
further based on respective methylation densities of hypermethylated CpG islands, the method
further comprising:

for each of the hypermethylated CpG islands:

determining a respective methylation density,

comparing the respective methylation densities of the hypermethylated CpG

islands for the organism to the methylation densities of the other organisms as part of

determining which cluster the organism belongs.

20.  The method of claim 13, further comprising:
for each of the second plurality of regions:
computing a respective difference between the region methylation level and
the respective region cutoff value; and
calculating a respective probability corresponding to the respective difference;
wherein determining the second amount of regions includes:

calculating a cumulative score including the respective probabilities.

21. The method of claim 20, wherein calculating the cumulative score

includes:
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taking a logarithm of the respective probability to obtain a respective logarithm
result; and

calculating a sum including the respective logarithm results.

22 .  The method of claim 21, wherein the cumulative score is a negative of the

sum of the respective logarithm results.

23. The method of claim 20, wherein each difference is normalized with a

standard deviation associated with the respective region cutoff value.

24.  The method of claim 20, wherein the respective probability corresponds to

a probability for the respective difference according to a statistical distribution.

25.  The method of claim 20, wherein the second threshold value corresponds

to a highest cumulative score from a reference group.

26.  The method of claim 13, further comprising:
for each of the first plurality of regions:
computing a respective difference between the respective normalized value
and the reference value; and
calculating a respective probability corresponding to the respective difference;
wherein determining the first amount of regions includes:

calculating a first sum including the respective probabilities.

27.  The method of claim 13, wherein the respective region cutoff values are a

specified amount from a reference methylation level.

28. The method of claim 13, wherein the second threshold value is a
percentage, and wherein comparing the second amount of regions to a second threshold value
includes:

dividing the second amount of regions by a second number of the second plurality

of regions before comparing to the second threshold value.

29.  The method of claim 28, wherein the second number corresponds to all of

the second plurality of regions.
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30.  Themethod of claim 13, wherein the first plurality of regions are the same
as the second plurality of regions, and wherein the respective region cutoff values are dependent

on whether the respective region exhibits a deletion or an amplification.

31. The method of claim 30, wherein a respective region cutoff value has a
larger magnitude when the respective region exhibits an amplification than when no
amplification is exhibited, and wherein a respective region cutoff value has a smaller magnitude

when the respective region exhibits a deletion than when no deletion is exhibited.

32.  The method of claim 31, wherein a respective region cutoff values test for
hypomethylation of the second plurality of regions, wherein a respective region cutoff value has
a larger negative value when the respective region exhibits an amplification than when no
amplification is exhibited, and wherein a respective region cutoff value has a smaller negative

value when the respective region exhibits a deletion than when no deletion is exhibited.

33.  The method of claim 13, wherein the biological sample is taken prior to
treatment, the method further comprising:
repeating the method of claim 13 for another biological sample taken after
treatment to obtain:
a subsequent first amount of regions that are determined to exhibit a deletion
or an amplification; and
a subsequent second amount of regions that are determined to have a region
methylation level exceeding the respective region cutoff value;
comparing the first amount to the subsequent first amount and the second amount

to the subsequent second amount to determine a prognosis of the organism.

34.  The method of claim 33, wherein comparing the first amount to the
subsequent first amount and the second amount to the subsequent second amount to determine
the prognosis of the organism includes:

determining a first difference between the first amount and the subsequent first
amount;

comparing the first difference to one or more first difference thresholds;

determining a second difference between the second amount and the subsequent
second amount; and

comparing the second difference to one or more second difference thresholds.
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35.  The method of claim 34, wherein the prognosis is predicted to be worse
when the first difference is below one first difference threshold than when the first difference is
above the one first difference threshold, and wherein the prognosis is predicted to be worse
when the second difference is below one second difference threshold than when the second

difference is above the one second difference threshold.

36. The method of claim 35, wherein the one first difference threshold and the

one second difference threshold are zero.

37.  The method of claim 33, wherein the treatment is immunotherapy,
surgery, radiotherapy, chemotherapy, antibody-based therapy, epigenetic therapy or targeted
therapy.

38.  The method of claim 1, wherein the first cutoff value is a specified
distance from a reference methylation level established from a biological sample obtained from a

healthy organism.

39.  The method of claim 38, wherein the specified distance is a specified

number of standard deviations from the reference methylation level.

40.  The method of claim 1, wherein the first cutoff value is established from a
reference methylation level determined from a previous biological sample of the organism

obtained previous to the biological sample being tested.

41 . The method of claim 1, wherein comparing the first methylation level to
the first cutoff value includes:

determining a difference between the first methylation level and a reference
methylation level; and

comparing the difference to a threshold corresponding to the first cutoff value.

42.  The method of claim 1, further comprising:
determining a fractional concentration of tumor DNA in the biological sample;

calculating the first cutoff value based on the fractional concentration.

43.  The method of claim 1, further comprising:
determining whether a fractional concentration of tumor DNA in the biological

sample is greater than a minimum value; and
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if the fractional concentration is not greater than the minimum value, flagging the

biological sample.

44.  The method of claim 43, wherein the minimum value is determined based
on an expected difference in methylation levels for a tumor relative to a reference methylation

level.

45.  The method of claim 1, further comprising:
measuring a size of DNA molecules at the plurality of sites; and
before comparing the first methylation level to the first cutoff value, normalizing

the first methylation level based on the measured sizes of the DNA molecules.

46.  The method of claim 45, wherein normalizing the first methylation level
based on the measured sizes includes:

selecting DNA molecules having a first size;

using the selected DNA molecules to calculate the first methylation level, the first

cutoff value corresponding to the first size.
47.  The method of claim 46, wherein the first size is a range of lengths.

48.  The method of claim 46, wherein the DNA molecules are selected based

on a physical separation that is dependent on size.

49.  The method of claim 46, wherein selecting DNA molecules having a first
size includes:

performing paired-end massively parallel sequencing of the plurality of DNA
molecules to obtain pairs of sequences for each of the DNA molecules;

determining a size of a DNA molecule by comparing the pair of sequences to a
reference genome; and

selecting DNA molecules having the first size.

50.  The method of claim 45, wherein normalizing the first methylation level
based on the measured sizes includes:
obtaining a functional relationship between size and methylation levels; and

using the functional relationship to normalize the first methylation level.

51.  The method of claim 50, wherein the functional relationship provides

scaling values corresponding to respective sizes.
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52.  The method of claim 51, further comprising:
computing an average size corresponding to DNA molecules used to calculate the
first methylation level; and

multiplying the first methylation level by the corresponding scaling value.

53.  The method of claim 51, further comprising:
for each of the plurality of sites:
for each of the DNA molecules located at the site:
obtaining a respective size of the DNA molecule at the site; and
using the scaling value corresponding to the respective size to
normalize a contribution of the DNA molecule to the respective number of DNA

molecules that are methylated at the site.

54, The method of claim 1, wherein the plurality of sites includes CpG
sites, wherein the CpG sites are organized into a plurality of CpG islands, each CpG island
including one or more CpG sites, wherein the first methylation level corresponds to a first
CpG island.

55.  The method of claim 54, wherein the CpG islands have a mean
methylation density of less than a first percentage in a reference group, and wherein the
coefficient of variation for the methylation density in the reference group is less than a

second percentage.

56.  The method of claim 54, further comprising:
for each of the CpG islands:
determining whether the CpG island is hypermethylated relative to a reference
group of samples of other organisms by comparing a methylation level of the CpG island to a
respective cutoff value;
for each of the hypermethylated CpG islands:
determining a respective methylation density;
calculating a cumulative score from the respective methylation densities; and
comparing the cumulative score to a cumulative cutoff value to determine the first

classification.

57.  The method of claim 56, wherein calculating the cumulative score from

the respective methylation densities includes:
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for each of the hypermethylated CpG islands:
calculating a respective difference between the respective methylation density
and a reference density; and
calculating a respective probability corresponding to the respective difference;
and

using the respective probabilities to determine the cumulative score.

58.  The method of claim 56, wherein the cumulative score is determined by:

taking a logarithm of the respective probability to obtain a respective logarithm
result; and

calculating a sum including the respective logarithm results, the cumulative score

is a negative of the sum.

59.  The method of claim 56, wherein each respective difference is normalized

with a standard deviation associated with the reference density.

60.  The method of claim 56, wherein the cumulative cutoff value correéponds

to a highest cumulative score from the reference group.

61.  The method of claim 56, wherein determining whether the first CpG island
is hypermethylated includes:

comparing the first methylation level to the first cutoff value and to a third cutoff
value,

wherein the first cutoff value corresponds to a mean of methylation densities for
the reference group plus a specified percentage, and wherein the third cutoff value corresponds
to a specified number of standard deviations plus the mean of methylation densities for the

reference group.
62.  The method of claim 61, wherein the specified percentage is 2%.

63. The method of claim 61, wherein the specified number of standard

deviations is three.

64.  The method of claim 1, further comprising:
for each of a first plurality of regions of the genome:

determining a respective number of DNA molecules as being from the region;
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calculating a respective normalized value from the respective number;
comparing the respective normalized value to a reference value to determine
whether the respective region exhibits a deletion or an amplification;
determining a first set of regions that are determined to all exhibit one of: a
deletion, an amplification, or normal representation, wherein the first methylation level
corresponds to the first set of regions;
determining a second set of regions that are determined to all exhibit a second of:
a deletion, an amplification, or normal representation;
calculating a second methylation level based on the respective numbers of DNA
molecules methylated at sites in the second set of regions,
wherein comparing the first methylation level to the first cutoff value includes:
computing a parameter between the first methylation level and the second
methylation; and

comparing the parameter to the first cutoff value.

65.  The method of claim 64, wherein the first methylation level is a statistical
value of region methylation levels calculated for each region of the first set of regions, and
wherein the second methylation level is a statistical value of region methylation levels calculated

for each region of the second set of regions.

66. The method of claim 65, wherein the statistical values are determined

using Student’s t-test, analysis of variance (ANOVA) test, or Kruskal-Wallis test.

67.  The method of claim 64, wherein the parameter includes a ratio or a

difference.

68.  Themethod of claim 67, wherein computing the parameter includes

applying a probability distribution to the ratio or the difference.

69. A method of determining a first methylation profile from a biological
sample of an organism, the biological sample including cell-free DNA comprising a mixture of
cell-free DNA molecules originating from a first tissue and from a second tissue, the method
comprising:

obtaining a second methylation profile corresponding to DNA molecules of the
second tissue, the second methylation profile providing a second methylation density at each of a
plurality of loci in a. genome of the organism, the second methylation density at a particular

locus corresponding to a proportion of DNA molecules of the second tissue that are methylated;
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determining a cell-free methylation profile from the cell-free DNA molecules of
the mixture, the cell-free methylation profile providing a mixture a methylation density at each
of the plurality of loci;
determining a percentage of the cell-free DNA molecules in the mixture that are
from the first tissue; and
determining the first methylation profile of the first tissue by:
for each of the plurality of loci:
calculating a differential parameter that includes a difference between the
second methylation density of the second methylation profile and the mixture
methylation density of the cell-free methylation profile, the difference being scaled by

the percentage.

70.  The method of claim 69, further comprising:
determining a first methylation level from the first methylation profile; and
comparing the first methylation level to a first cutoff value to determine a

classification of a level of cancer based on the comparison.

71. The method of claim 69, further comprising:
transforming the first methylation profile to obtain a corrected first methylation

profile.

72. The method of claim 71, wherein the transformation is a linear

transformation.

73.  The method of claim 69, wherein the differential parameter D for a locus

{mbc—mp)

is defined as D = mbc —
*CN

, where mbc denotes the second methylation density of

the second methylation profile at the locus, mp denotes the mixture methylation density of the
cell-free methylation profile at the locus, fis the percentage of cell-free DNA molecules from

the first tissue in the biological sample, and CN represents a copy number at the locus.

74. The method of claim 73, wherein CN is one for the copy number of the

first tissue being disomic at the locus.

75.  The method of claim 73, further comprising:

identifying regions where D exceeds a threshold.

76.  The method of claim 69, further comprising:
169



identifying the plurality of loci by selecting loci that have any one or more of the
following criteria:
a GC content of greater than 50%;
a second methylation density of the second methylation profile of less than a
first threshold or greater than a second threshold; and

a minimum of five CpG sites in a region defined by the locus.

77.  The method of claim 69, wherein the biological sample is from a female
subject pregnant with a fetus, and wherein the first tissue is from the fetus or a placenta and the

second tissue is from the female subject.

78.  The method of claim 77, further comprising:
determining a first methylation level from the first methylation profile; and
comparing the first methylation level to a first cutoff value to determine a

classification of a medical condition.

79.  The method of claim 78, wherein the medical condition is preeclampsia or

a chromosomal abnormality in the first tissue.

80. The method of claim 69, wherein the first tissue is from a tumor within

the organism and the second tissue is from a non-malignant tissue of the organism.

81.  The method of claim 69, wherein tﬁe biological sample also includes
DNA molecules from the second tissue, and wherein obtaining the second methylation profile
includes:

analyzing the DNA molecules from the second tissue to determine the second

methylation profile.

82.  The method of claim 69, wherein the obtained second methylation profile

corresponds to an average methylation profiles obtained from a group of control samples.

83.  The method of claim 69, wherein determining a mixture methylation
density of the cell-free methylation profile for a first locus of the plurality of loci includes:

determining a first number of the cell-free DNA molecules that are from the first
locus;

determining whether each DNA molecule of the first number is methylated at one

or more sites to obtain a second number of methylated DNA molecules; and
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calculating the mixture methylation density from the first number and the second

number.
84.  The method of claim 83, wherein the one or more sites are CpG sites.

85.  The method of claim 69, wherein determining the cell-free methylation
profile includes:
treating the cell-free DNA molecules with sodium bisulfite; and

performing sequencing of the treated DNA molecules.

86. The method of claim 85, wherein the treatment of the cell-free DNA
molecules is part of Tet-assisted bisulfite conversion or includes treating the cell-free DNA

molecules with potassium perruthenate (KRuO4).

87.  The method of claim 69, wherein determining the cell-free methylation
profile includes:
performing single molecule sequencing of the DNA, wherein the sequencing of a

single molecule includes determining whether at least one site of a DNA molecule is methylated.

88. A method of determining a first methylation profile from a biological
sample of an organism, the biological sample including cell-free DNA comprising a mixture of
cell-free DNA originating from a first tissue and from a second tissue, the method comprising:

analyzing a plurality of DNA molecules from the biological sample, wherein
analyzing a DNA molecule includes:

determining a location of the DNA molecule in a genome of the organism;
determining a genotype of the DNA molecule;
determining whether the DNA molecule is methylated at one or more sites;
identifying a plurality of first loci at which a first genome of the first tissue is
heterozygous for a respective first allele and a respective second allele and a second genome of
the second tissue is homozygous for the respective first allele;
for each of the first loci:
for each of one or more sites associated with the locus:
determining a number of DNA molecules that are methylated at the site

and correspond to the respective second allele of the locus;
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calculating a methylation density based on the numbers of DNA molecules
methylated at the one or more sites of the locus and corresponding to the respective second
allele of the locus;
creating the first methylation profile of the first tissue from the methylation

densities for the first loci.

89.  The method of claim 88, wherein the biological sample is from a female
subject pregnant with a fetus, and wherein the first tissue is from the fetus or a placenta and the

second tissue corresponds to the female subject.
90.  The method of claim 88, wherein the sites correspond to CpG sites.

91.  The method of claim 88, wherein each locus includes at least one CpG

site.

92.  The method of claim 88, wherein each locus is adjacent to at least one

CpG site.

93. A method of detecting a chromosomal abnormality from a biological
sample of an organism, the biological sample including cell-free DNA comprising a mixture of
cell-free DNA originating from a first tissue and from a second tissue, the method comprising:

analyzing a plurality of DNA molecules from the biological sample, wherein
analyzing a DNA molecule includes:

determining a location of the DNA molecule in a reference genome;
determining whether the DNA molecule is methylated at one or more sites;
for each of a plurality of sites:
determining a respective number of DNA molecules that are methylated at the
site;

calculating a first methylation level of a first chromosomal region based on the
respective numbers of DNA molecules methylated at sites within the first chromosomal region;

comparing the first methylation level to a cutoff value;

determining a classification of an abnormality in the first tissue for the first

chromosomal region based on the comparison.

94.  The method of claim 93, wherein comparing the first methylation level to

a cutoff value includes:
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normalizing the first methylation level and comparing the normalized first

methylation level to the cutoff value.

95, The method of claim 94, wherein the normalization uses a second

methylation level of a second chromosomal region.

96. The method of claim 94, wherein the normalization uses a fractional

concentration of cell-free DNA from the first tissue.

97.  The method of claim 93, wherein calculating a first methylation level
includes:
identifying a plurality of regions of a genome of the organism;
identifying one or more sites within each of the regions;
calculating a region methylation level for each region, wherein the first
methylation level is for a first region, and
wherein comparing the first methylation level to a first cutoff value includes
comparing each of the region methylation levels to a respective region cutoff
value;
determining a first number of regions whose region methylation level exceeds
the respective region cutoff value; and
comparing the first number to a threshold value to determine the

classification.

98.  The method of claim 97, wherein the threshold value is a percentage, and
wherein comparing the first number to a threshold value includes:
dividing the first number of regions by a second number of regions before

comparing to the threshold value.

99.  The method of claim 98, wherein the second number of regions is all of

the identified plurality of regions.

100. The method of claim 97, wherein the respective region cutoff values are a

specified amount from a reference methylation level.

101.  The method of claim 93, wherein the biological sample is from a female
subject pregnant with a fetus, wherein the first tissue is from the fetus or a placenta and the
second tissue is from the female subject, and wherein the chromosomal abnormality is a fetal

chromosomal abnormality.
173



102.  The method of claim 93, wherein the cutoff value is based on a

background methylation level associated with DNA of the second tissue from the female subject.

103. The method of claim 101, wherein the cutoff value is determined from
other female pregnant subjects carrying fetuses without a chromosomal abnormality for the first

chromosomal region.

104.  The method of claim 101, wherein the chromosomal abnormality is

trisomy 21 or trisomy 18 or trisomy 13 or Turner syndrome or Klinefelter syndrome.

105. The method of claim 93, wherein the first tissue is from a tumor within

the organism and the second tissue is from a non-malignant tissue of the organism.

106.  The method of claim 93, wherein the cutoff value is determined from

other organisms not having cancer.

107. The method of claim 93, wherein cutoff value is based on a concentration

of cell-free DNA originating from the first tissue in the biological sample.

108.  The method of claim 107, wherein the cutoff value is based on a scale
factor corresponding to a type of abnormality, where the type of abnormality is deletion or

duplication.

109.  The method of claim 93, wherein determining the location of the DNA
molecule in a reference genome involves determining whether the location is within the first

chromosomal region.

110.  The method of claim 109, wherein determining the location of the DNA
molecule in the reference genome is accomplished by determining whether the DNA molecule

maps to the first chromosomal region.

111.  The method of claim 93, wherein the chromosomal abnormality is a

subchromosomal deletion or subchromosomal duplication or DiGeorge syndrome.
112. A computer product comprising a non-transitory computer

readable medium storing a plurality of instructions that when executed control a computer

system to perform the method of any one of claims 1-111.
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CLAIMS:

I. - A method of analyzing a biological sample of an organism, the

bijogical sample including nucleic acid molecules originating from normal cells and
Q

5
10 ‘ sites; . .
for each of xﬂs ural ity of sites:
the site
Jation level based on the respective numbers of DNA
15
cancer based on the comparison
2. The method of claim 1, whereif determmmg whether the DNA
molecule is methylated at one or more sites includes: Y
20 o performing methylation-aware sequencing.
3. The method of claim 2, wherein performi.~ ethylation-aware
~ sequencing includes: :
treating the DNA molecules with sodium bisulfite; and 4
performing sequencing of the treated DNA molecules.
25' ' 4, The method of claim 3, wherein the treatment of the cell- DNA

molecules with sodium bisulfite is part of Tet-assisted bisulfite conversion or oxidafye

bisulfite sequencing for the detection of 5~hydroxymethylcytosine.

5. The method of ¢laim 2, wherein the respective numbers of DNA
molecules for each region are determined by aligning sequence reads obtained from the

30  methylation-aware sequencing.
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. 6. The method of claim 1, wherein determining Whether the DNA

\ olecule is methylated at one or more sites includes using methylation-sensitive restriction
e mes digestion, methylation-specific PCR, methy}atlon dependent DNA prec1p1tat10n,
met Nated DNA binding protein/peptide or single molecule sequencing without sodium

5 bisulfite&geatment.

"~ The method of claim. 1, further comprising:

fheach of a first plurality of regions of the genome:

fgermining a respective number of DNA molecules as being from the

region;

10 calculatigg a respective normalized value fro%fn the respéctive number;
comparin Qe respective normalized value to a reference value to

determine whether the respec ve region exhibits a deletion or an amplification;

determining a first anfgunt of regions that are determined to exhibit a deletion

$

or an amplification; ' ; ' 4
15 ~ comparing the first amoum‘. Q2 ﬁxst threshold value to determine a second
classification of a level of cancer; and

%

.. using the first classification and th&gecond classification to determine a third

classification of a level of cancer.

W

8. The meéhod of claim 7, wherein the' arst threshold value is a

20 percentage of the first plurality of regions that are determined¥p exhibit a deletion or an

ampliﬁcatioh.

9. The method of claim 7, wherein the third classi¥ ation is positive for

cancer only when both the first classification and the second classificatiothjndicate cancer.

10.  The method of claim 7, wherein the third classification Wpositive for

25 cancer when either the ﬁrst classiﬁcation or the second classification indicate cand¥yr.

11.  The method of claim 1 or 7, WhCl‘Cln the first classification md;c es
that cancer exists for the organism, the method further comprising: | -

identifying a type of cancer associated with the organism by comparing the
first methylation level to a corresponding value determined from other organisms, wherein at

30 least two of the other organisms are identified as having different types of cancer. *
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A 12.  The method of claim 11, wherein the third classification indicates that
ancer exists for the organism, the method further comprising:
, identifying the type of cancer associated with the organism by comparing the
first &gount of regions to corresponding values determined from the other organisms.
'
-5 13.  The method of claim 1 or 7, wherein calculating the first methylation

level include

a region methylation level for each region, wherein the first

R

calculal
10 methylation level is for a ‘ ‘ region,
the method fuer comprising:
comparing 'i, the region metﬁylation levels to a respective region
cutoff y’alue, including comparin\‘he first methylation level to the first cutoff value;
determining a secon gmount of regions that are determined to have a
15 region methylation level exceeding the‘wpective region cutoff value; and |
comparing the second am\’ of regions to a second threshold value to

determine the first classification.

14. The method of claim 13, wherei

[

N4

sthe regions that are determined to

have a region methylation level exceeding the respective réigion cutoff value correspond to a

20 first set of regions, the method further comprising: A \

' comparing region methylation levels of the first sé§ f regions to
corresponding region methylation levels of other organisms for the st set of regions, the |
other organisms héving at least two of: a first type of cancer,'absence oN ancer; and a second
type of cancer; and

25 determining whether the organism has the first type of cancer, 'of

cancer, or the second type of cancer based on the comparison.

15. The method of claim 14, further comprising:
clustering the other organisms based on the region methylation levels of th
first set of regions, wherein two of the clusters correspond to any two of: the first type of

30 cancer, absence of cancer, and the second type of cancer,
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wherein the comparison of the region methylations levels determines which

‘\ cluster the organism belongs.

16.  The method of claim 15, wherein the clustering of the other organisms

uses region methylation levels of the organism.

N
N

17. The method of claim 15, wherein the clusters include a first cluster

6orrespondin o the first type of cancer, a second cluster corresponding to the second type of

cancer, and a th

cluster corresponding to absence of cancer.

he method of claim 15, whetein the clustering of the other organisms

is further based on respe , ve normalized values of a second setof regions for the other
10 organisms, the second set of e gtons cotrespond to regions that are determmed to exhibit a
deletion or an amplification, wh em the respective normalized value for a region is

determined from a respective numt - of DNA molecules from the regxon, the method further
comprising: X

2N

foreach of the second set Gfregions:

15 determining a respective ;‘ ber of DNA molecules as being from the

region; %,

calculating a respective normah7 d value from the respective number; and

comparing the respective normalized valy es of the second set of regions for -

b
i

the organism to the respective normalized values of the otRgr organisms as part of

20 "determining which cluster the organism belongs.’

. 19. The method of claim 18, wherein the clus{ qe of the other organisms
is further based on respective methylation densities of hypermethyiate CpG islaﬁds, the |
method further comprising: | H

for each of the hypermethylated CpG islands:
25 , determining a' respective methylation density, -
comparing the respective methylation densities of the hypermethylat®§g CpG
islands for the organism to the methylation densities of the other organisms as part of Y

determining which cluster the organism belongs.

20.  The method of claim 13, further comprising: ‘

30 ‘ : - for each of the second plurality of regions:




. gjf'/_/&g}gmg/mﬂggg

162

WO 201

computing a respective difference between the region methylation level
and the respective region cutoff value; and
calculating a respective probability corresponding to the respective
A L ferehce;
R

\ wherein determining the second amount of regions includes:

calculating a cumulative score including the respective probabilities.

The method of claim 20, wherein calculating the cumulative score

includes:

A

takin

wJogarithm of the respective probability to obtain a respective

N

10 logarithm result; and

*
22 f claim 21, wherein the cumulative score is a negative of
the sum of the respective logarithm regults.
23 20, wherein each difference is normalized with a
15
24 grein the respective probability

distribution.
T .

25.  The method of claim 20, wherein the o nd threshold value

20 corresponds to a highest cumulative score from a reference group®

26,  The method of claim 13, further comprising: R
for each of the first plurality of regions:
computing a respective difference between the respective rmalized
value and the reference value; and H ’
25 | calculating a respective probability corresponding fo the respectivg
A difference; ‘ _
wherein determining the first amount of regions includes:

calculating a first sum including the respective probabilities.
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27. The method of claim 13, wherein the respective region cutoff values

28. The method of claim 13, wherein the second threshold value is a

\ , and wherein comparing the second amount of regions to a second threshold value

same as the second plurality of re] »‘: ns, and wherein the respective region cutoff values are

dependent on whether the respestwe ¥ggion exhibits a deletion or an amplification.

p
%
%

%
31.  The method of clai 20, wherein a respective region cutoff value has a

iarger magnitude when the respective regionhibits an amplification than when no
amplification is exhibited, and wherein a respect\e region cutoff value has a smaller

magnitude when the respective region exhibits a de"~ ion than when no deletion is exhibited.

32, The method of claim 31, wherein spective region cutoff values test

33.  The method of claim 13, wherein the biological sample Waken prior
to treatment, the method further comprising: A A
repeating the method of claim 13 for another biological sample taken a%er

treatment to obtain: |
a subsequent first amount of regions that are determined to exhibit a

deletion or an amplification; and
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.

a subsequent second amount of regions that are determined to have a

region methylation level exceeding the respective region cutoff value;

*-\ comparing the first amount to the subsequent first amount and the second
ant to the subsequent second amount to determine a prognosis of the organism.
& ' ,

34,  The method of claim 33, wherein comparing the first amount to the

first amount;

comparm the first d;fference to one or more firgt difference thresholds; -

determinmg &second difference between the second amount and the

"»‘»x

subsequem second amount; andy,

comparing the secok ¢ difference to one or more second dkfference thresholds.
%h
S

35.  The method of ¢ -'m 34, wherein the prognosis is predicted to be
worse when the first difference is-below o ﬁrst difference threshold than when the first
difference is above the one first difference thr ‘ o{ci and wherein the progn051:> is predicted
to be worse when the second difference is below pe second difference threshold than when

the second difference is above the one second dlfferé e threshold

- 36. The method of claim 35, wherein IR \ one first difference threshold and

the one second difference threshold are zero.

37. The method of claim 33, wherein the treatm¥gt is immunotherapy,

surgery, radiotherapy, chemotherapy, antibody-based therapy, epige Jc therapy or targeted
therapy.

38. The method of claim 1, wherein the first cutoff value ispeciﬁed
distance from a reference methylation level established from a biological sample Sgtained

from a healthy organism.,

39.  The method of claim 38, wherein the specified distance is a specnﬁ ’

number of standard deviations from the reference methylation level.
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N | 40.  The method of claim 1, wherein the first cutoff value is established
\\ a reference methylation level determined from a previous biological sample of the
\ obtained previous to the biological sample being tested.

D\

R 41.  The method of claim 1, wherein comparing the first methylation level

5 to the firshgutoff value includes:

determining a difference between the first methylation level and a reference

methylation levelyand

Q

N . .
compgring the difference to a threshold corresponding to the first cutoff value.
N\

42, TR method of claim 1, further comprising:
10 ‘ determining gaotional concentration of tumor DNA in the biological sample;

calculating the ‘ cutoff value based on the fractional concentration.

%

.
43, The method oiaim 1, further comprising:
determining whether a frigtional concentration of tumor DNA in the

Ry

biological sample is greater than a minimurfvalue; and
g Y :

15 : if the fractional concentration isgot greater than the minimum value, flagging

the biological sample. ‘

N _ )
44, The method of claim 43, whereiththe minimum value is determined

based on an expected difference in methylation levels for &umor relative to a reference

rﬁethylation level. .

B

20 45.  The method of claim 1, further comprising:
measuring a size of DNA molecules at the plurality of ‘ §cs; and
before comparing the first methylation level to the first cut§fT value,

normalizing the first methylation level based on the measured sizes of the molecules.

46.  The method'of claim 45, wherein normalizing the first me lation
25 level based on the measured sizes includes: ‘
- : selecting DNA molecules having a first size;
using the selected DNA molecules to calculate the first methylation level, th¥ \

first cutoff value corresponding to the first size.
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47.  The method of ¢laim 46, wherein the first size is a range of lengths.

48.  The method of claim 46, wherein the DNA molecules are selected

10

50. . The methot of claim 45, wherein normializing the first methylation

level based on the measured sizes inclydes:
15 51.  The method of claim 50, -rein the functional relationship provides’

computing an average size corresponding to b A molecules used to calculate
the first methylation level; and

20 multiplying the first methylation level by thc‘corresndingscaling value.

53.  The method of claim 51, further comprising:
for each of the plurality of sites:
for each of the DNA molecules located at the site: '
obtaining a respective size of the DNA molecule at the site \
25 | using the scaling value corresponding to the fespective size to |
normalize a contribution of the DNA molecule to the respective number o_f‘DN \

molecules that are methylated at the site.
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54.  The method of claim 1, wherein the plurality of sites includes CpG

\ ltes wherem the CpG sites are organized into a plurality of CpG islands, each CpG island

m dmg one or more CpG sites, wherein the first methylation level corresponds to a first

CpGH ;5.1
5 55. 'ThAe method of claim 54, wherein the CpG islands have a mean
methylation ojpsity of less than a first percentage in a reference group, and wherein the
éoefﬁcient of vaation for the rriethyiatidn density in the reference group is less than a
56.  Thy method of claim 54, further comprising:
10 for each of th CpG islands:
detcrmmmg hether the CpG island is hypermethy}ated relative to a
reference group of samples of \ ther organisms by comparing a methylation level of the
CpG island to a respective cutoffe
for each of the hypermeth ~ted CpG islands:
15 R determining a respective p thylatmn density;

calculating a cumulative score c‘s the respective methyia’uon densities; and
comparing the cumulative score to a’ gumulative cutoff value to determine the

first classification.

57.  The method of clalm 56, wherein cal iatmg the cumt:lauve score
20 from the respective methylation densities includes: '
for each of the hypermethylated CpG islands:
calculating a respective difference between the rq tive methylation
density and a reference density; and , '
calculating a respective probability corresponding to the 18 pective
25 difference; and

using the respective probabilities to determine the cumulative score.§

58.  The method of claim 56, wherein the cumulative score is determirigd
by: - !
' taking a logarithm of the respective probability to obtain a respective

30 fogarithm result; and
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calculating a sum including the respective logarithm results, the cumulative

\ score.ds a negative of the sum,

59.  The method of claim 56, wherein each respective diffetence is

zed with a standard deviation associated with the reference density.
\

60. The method of claim 56, wherein the cumulative cutoff value

corresponds 2 highest cumulative score from the reference group.

The method of claim 56, wherein determining whether the first CpG

)

island is hypermethylaged includes: )
comparin@the first methylation level to the first gutoff value and to a third

10 cutoff value, N

wherein the ﬂrstoff value corresponds to a mean of methylation densities
for the reference group plus a specied percentage, and wherein the third cutoff value
%
corresponds to a specified number of @ ndard deviations plus the mean of methylation

densities for the reference group.
15 ' 62.  The method of claim 6wherein the specified percentage is 2%.

63.  The method of claim 61, whe kgin the specified number of standard

deviations is three.

64.  The method of claim |, further com

for each of a first plurality of regions of the geyn\

20 determining a respective number of DNA moleciles as being from the
region; | \
calculating a respective normalized value from the respgctive number;

comparing the respective normalized value to a referenc glue to
determine whether the respective region exhibits a deletion or an ampiiﬁcat 0;

25 determining a first set of regions that are determined to all exhibit oNof: a
(ieletion, an amplification, or normal representation, wherein the first methylation leveX
corresponds to the first set of regions; ‘
determining a second set of reéions that are determined to all exhibit a second¥

of: a deletion, an amplification, or normal representation;
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calculating a second methylation level based on the respective numbers of

"4:\

\\ DNA molecules methylated at sites in the second set of regions,

wherein comparing the first methylation level to the first cutoff value

incRydes:
5 “:‘\'\_ © computing a parameter between the first methylation level and the second
methWNgtion; and

comparing the parameter to the first cutoff value

The method of claim 64, wherein the first methylation level isa

statistical value of regi

-'\*\

n methylation Ieveis calculated for each region of the first set of

10 regions, and wherein the :

second methyia‘uon level is a statistica value of region methylation

fevels calculated for each re on of the second set of regions. -

&
@

696. The metho¥, of claim 65, wherein the statistical values are determined

using Student s t-test, anaiyms of va gnee (ANOVA) test, or Kruskal-Wallis test.

67.  The method of Claﬁ‘% wherein the parameter includes a ratio or a
15 difference. N N

68. The method of claim 67, wike rein computing the parameter includes

69. A method of determining a first ﬁaticn profile from a biological
sample of an organism, the biological sample inciuding cell-frig DNA comprising a mixture
20 of cell-free DNA molecules originating from a first tissue and fro Q2 second tissue, the
method @ompnsmg \
obtaining a second methylation profile corresponding to A molecuie;c, of
the second tissue, the second methylation profile providing a methylation g sity at each of a
plurality of loci in a genome of the organism, the methylation density at a lar locus
25  corresponding to a proportion of DNA molecuies of the second tissue that are me lated;
determining a cell-free methylation profile from the cell-free DNA .o gcules
of the mixture, the cell-free methylation profile providing a methylation density at.cach & the
plurality of loci;
determihing a percentage of the cell-free DNA molecules in the mixture that

30 are from the first tissue; and
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determining the first methylation profile of the first tissue by:
for each of the piurﬁlity of loci:
caleulating a differential parameter that includes a difference between
the rﬁethyl.ation density of the second methylation profile and the methylation density

\ the cell-free methylation ;Sroﬁle, the difference being scaled by the percentage.

The method of claim 69, further comprising:

Yetermining a first methylation level from the first methylation profile; and

comiparing the first methylation level to a first cutoff value to determine a
T :

. . AN
. . R : -
classification of a lev] of cancer based on the comparison.

10 71. e ethod of claim 69, further comprisﬁlg:

transforming first methylation profile to obtain a corrected first

methylation profile.,

- 72, The method of *, 71, wherein the transformation is a linear

transformation.

15 3. The method of claim 6% herein the differential parameter D for a

(mbc—mp)

FTERE whe

Jocus is defined as D = mbc — g nbc denotes the methylation density of

3
Y

‘the second methylation profile at the locus, mp denotes ¥ge methylation density of the cell-
p QS

free methylation profile at the locus, fis the percentage of Ogll-free DNA molecules from the

first tissue in the biological sampie,vand CN represents a L mber at the locus.

20 74, - The method of claim 73, wherein CN is one copy number of the

first tissue being disomic at the locus.

75.  The method of claim 73, further comprising:

 identifying regions where D exceeds a threshold.

76.  The method of claim 69, further comprising:
25 - identifying the plurality of loci by selecting loci that have any one or moRg
the following criteria:

a GC content of greater than 50%;
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a m;ithyfation density of the second methylation profile of less than a first
threshold or greater than a second threshold; and

a minimum of five CpG sites in a region defined by the locus.

77.  The method of claim 69, wherein the biological sample is from a

5
%
10
m 69, wherein the first tissue is from a tumor within
non- -malignant tissue of the orgamsm
15 : X i erem the biological sample also includes
btammg the second methylation
proﬁie mc£udes "
ana]yzmg the DNA moEeculcs from the secd tissue to determine the second
methylation profile. '

20 82, The method of claim 69, wherein the obtain&second methylation
profile corresponds to an average methylation profiles obtained from ‘-~‘_ of control
samples. |

83.  The method of claim 69, wherein determining a methyla‘n density of
the cell-free methylation proﬁle for a first locus of the plurality of loci includes:
25 determining a first number of the cell-free DNA molecules that are fro

first locus; _ ( _
determining whether each DNA molecule of the first number is methylated a%

one or more sites to obtain a second number of methylated DNA molecules; and
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[

calculating the methylation density from the first number and the second

84.  The method of claim 83, wherein the one or more sites are CpG sites.

85. The method of claim 69, wherein determining the cell-free methylation

profile inudes:

reating the cell-free DNA molecules with sodium bisulfite; and

rforming sequencing of the treated DNA molecules.

&,

86. NThe method of claim 85, wherein the treatment of the cell-free DNA

molecules is part of Tet-H 1sted bisulfite conversion or includes tfeatmg the cell-free DNA

molecules with potassmm m rulhenate {KRu0O4).
'“ .
87. The methof claim 69, wherein determining the (;ell—free methyldtion

profile includes: !
S
performing single moleck & sequencing of the DNA, wherein the sequencing
of a single molecule includes deferrmmpg W 1ether at least one site of a DNA molecule is

N
A2

methylated.

N

88. A computer product compri } ag a non-transitory computer readable

medium storing a plurality of instructions that when e

ecuted control a computer system to

perform the method of claim'1.

89. A method of determining a first methyln profile from a biological
sample of an organism, the biclogical sample including cell-free l comprising a mixture
of cell-free DNA originating from a first tissue aﬁd from a second tisShg , the method
comprising: |

analyzing a plurality of DNA molecules from the bloioglcal ie, wherein
analyzing a DNA molecule includes: _

determining a location of the DNA molecule in a genome of t R ganism;
deterrﬁining a genotype of the DNA molecule; N
determining whether the DNA molecule is methylated at one qt more

sites;
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identifying a plurality of first loci at which a first genome of the first tissue is

""1\ heterozygous for a respective first allele and a respective second aliele and a second genome

for each of the first loci:

5 for each of one or more sites associated with the locus:
determining a number of DNA molecules that are methylated at the
10
15
9l.
92.
site.
93,
20 CpG site.

94. A kit for analyzing fetéi DNA in a biological
mixture of fetal DNA and DNA from a female subject pregnant with a fé
comprising: ' »

one or more oligonucleotides for specifically hybridizing to at st a section

25  ofa genomic region listed in Tables S2A, S2B, 82C, 82D, S3A, S3B, S3C, and S3.

95.  The kit of claim 94, wherein at least one of the oligonucleotides B

primer corresponding to at least a section of one of the genomic regions.

96. The kit of claim 94, wherein at least ohe of the oligonucleotides is a

probe corresponding to at least a section of one of the genomic regions. -
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97.  The kit of claim 94, further comprising:

one or more methylation-sensitive restriction enzymes.

98.  The kit of claim 94, wherein at least one of the one or moie

Niion-sensitive restriction enzymes cuts DNA molecules that are hypomethylated.

2

The kit of claim 94, wherein at least one of the one or more

itive restriction enzymes cuts DNA molecules that are hypermethylated.

10 oligonueleotides is selected fronk

102.  The kit of claitq,94, wherein at least one of the one or more

. Y
oligonucleotides is selected from Table SEC.

15 ' 104.  The kit of claim 94, wherein at \u one of the one or more
s «

oligonucleotides is selected from Table S3A.

105.  The kit of claim 94, wherein at least the one or more -

oligonucleotides is selected from Table S3B.

106. - The kit of claim 94, wherein at least one of the o or more

20  oligonucleotides is selected fromATable S3C.

"107.  The kit of claim 94, wherein at least one of the ohe or

oligonucleotides is selected from Table S3D.

108. A method of estimating a methylation level of DNA ina bio}ogi
sample of an organism, the method comprising:

25 for each size of a plurality of sizes:
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measuring an amount of a plurality of DNA fragments from the biological
sample corresponding to the size;
calculating, with a computer systcm a first value of a first parameter based on

5 a size profile of DNA fragments in the blologmal sample;

ments of a reference sample; and

10 - i the sizes includes:

15 sequence reads;
aligning the paired sequenge reads to a reference genome; and

using the aligned locations to\

*eterm-ne the size of the DNA fragment.

110.  The method of claim 109, wh in the methyiation fevel corresponds

to a particular region by determining the first size value 8ply from DNA fragments that align

20 to the particular region.

111.  The method of claim 108, wherein measurigg amounts of DNA -

fragments corresponding to the sizes includes using electrophoresis. &

112.  The method of claim 108, wherein the reference sa%gple is obtained

from the organism at an earlier time than the biological sample, wherein the %timated
25  methylation level is a relative level corresponding to an amount of inerease or % rease of the

first size value relative to the reference size value,

" 113.  The method of claim 108, wherein the reference size value is party

calibration curve.

114.  The method of claim 108, wherein the methylé’éion level is a

30 methylation dens ity.
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115, The method of ¢laim 114, wherein the methylation density is for CpG

116. A method of detecting a chromosomal abnormality from a biological

R f an organism, the bxologlcal sampie including cell free DNA comprising a mixture

10 ~, g whether the DNA molecule is methyiated at one or more

N _
hgy of sites: A

R,
determining a restive number of DNA molecules that are methylated at
15 calculating a first methyfaﬂ' i ievel of a first chromosomal reglon based on the

region; N ‘\
-comparing the first methylation level g a cutoff value;
de%ermining a classification of an abnorm lity in the first tissue for the first

20 chromosomal region based on the comparison.

117.  The method of claim 116, wherein ":~s g the first methylation
level to a cutoff value includes: \ 7
normalizing ihe first methylation level and cofnparing th\normalized first

methylation level to the cutoff value.

25 ~ 118, ‘The me’{hod of claim 117, wherein the normalization use g

methylation level of a second chromosomal region.

119, The method of claim 117, wherein the normalization uses a fractid Ral.

concentration of cell-free DNA from the first tissue..

P

120.  The method of claim 116, wherein calculating a first methylation level
30 includes:
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identifying a plurality of regions of a genome of the organism;

identifying one or moré sites within each of tﬁe regions;

calculating a region methylation level for each region, wherein the first
ation level is for a first region, and

wherein comparing the first methylation level to a first cutoff value inc}udeé‘

comparing each of the region methylation levels to a respective region

10 \ ring the first number to a threshold value to determine the

ki

15

122.  The method of claim 12  wherein the second number of regions is all
of the identified plurality of regions. A |

Y
123.  The method of claim 120, whereln the respective region cutoff values

Ry
2
B

are a specified amount from a reference methylation level™y

20 124,  The method of claim 116, wherein the bi%Jogical sample is from a

25  background mcthy'lation Jevel associated with DNA of the second tissue from the' ¢

subject.

126.  The method of claim 124,lwherein the cutoff value is determined fryn
other female pregnant subjects carrying fetuses without a chromosomal abnormalify for the

first chromosomal region.
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127. The method of claim 124, wherein the chromosomal abnormality is

"\_ risorﬁy 21 or trisomy 18 or trisomy 13 or Turner syndrome or Klinefelter.syndrome.

128. The method of claim 116, wherein the first tissue is from a tumor

Rie organism and the second tissue is from a non-malignant tissue of the organism.

129, The method of claim 116, wherein the cutoff value is determined from

ot having cancer.

% The method of claim 116, wherein cutoff value is based on a

N

concentration of cell-fre originating from the first tissue in the biological sample'.

%

&“s;::“
131,  The ‘«; of claim 130, wherein the cutoff value is based on a scale

10 factor corresponding to a type bnormaﬁity, where the type of abnormality is deletion or -

\:‘

duplication.

15 133, The method of claim 132, whiein determining the location of the
DNA molecule in the reference genome is accomplisheckby determining whether the DNA -

molecule maps to the first chromosomal region.

134, The methéd of claim 116, wvherein the c‘osomal abnormality is a
subchromosomal deletion or subchromosomal duplication or DiGedyge syndrome.
20 ' )




