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SUMMARY

[0007a] In one aspect, there is provided 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 atleast-some-of-the-the biological

sample is harvested from a process to obtain nucleic acid molecules that 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.

[0007b] In another aspect, there is provided 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; 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.

[0007¢] In another aspect, there is provided 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
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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; 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.

[0007d] In another aspect, there is provided 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, the first methylation level corresponding to a proportion of DNA molecules that are

methylated at the 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.

[0007¢] 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 system to perform the method efany-ene-ofelaimst-t+tas described herein.

[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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WHAT IS CLAIMED IS:

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

analyzing a plurality of DNA molecules from the biological samplg] wherein
analyzing a DNA molecule includes:

“determining a location of the DNA molecule in a genomg/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 molegtiles that are methylated at the
site;

calculating a first methylation level based on

¢ respective numbers of DNA
molecules methylated at the plurality of sites;
comparing the first methylation level tp/a first cutoff value;

determining a first classification of 4 level of cancer based on the comparison.

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

performing methylation-dware sequencing.

3. The method 431}11 2, wherein performing methylation-aware
sequencing includes:
treating the DINA 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 sgdium 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
molecdles 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 defermining 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 tregtfnent.

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 respegfive number;
comparing the respective normalized value to a referepce value to determine
whether the respective region exhibits a deletion or an amplificatigh;
determining a first amount of regions that are deterpdined 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 secgnd classification to determine a third

classification of a level of cancer.

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

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

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

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

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

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

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

igéntifying a type of cancer associated with the organism by comparing the first
methylation lg¥el to a corresponding value determined from other organisms, wherein at least

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

12. The method of claim 11, wherein the third classification indicates that
capcer exists for the organism, the method further comprising:
V 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 fir

methylation level is for a first region,

the method further comprising:
comparing each of the region methylation levels to a respgctive region
cutoff value, including comparing the first methylation level to the firgt cutoff value;
determining a second amount of regions that are dejérmined to have a
region methylatiori level exceeding the respective region cutoff ¥alue; and
comparing the second amount of regions to a gecond threshold value to

determine the first classification.

14.  The method of claim 13, whereiy e 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 r/m 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 canger based on the comparison.

15. The method of claim 14, further comprising:
clusteri%e other organisms based on the region methylation levels of the
first set of regions, whérein two of the clusters correspond to any two of: the first type of
cancer, absence of gancer, and the second type of cancer,
erein 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 tife 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 ¢

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 resp‘ective pormalized values of a second set of regions for the otfer organisms,
the second set of regions correspond to regions that are determined to exhibit adeletion or an
amplification, wherein the respective normalized value for a region is deterpfined from a
respective number of DNA molecules from the region, the method furthef comprising:

for each of the second set of regions:

determining a respective number of DNA molectles as being from the region;
calculating a respective normalized value fromh the respective number; and
comparing the respective normalized values of the second set of regionvs for the
organism to the respective normalized values of the other,6rganisms as part of determining

which cluster the organism belongs.

19. The method of claim 18, w K@in the clustering of the other organisms is
further based on respective methylation densitigs of hypermethylated CpG islands, the method

further comprising:

for each of the hypermethylated CpG islands:
determining a respgttive methylation density,
comparing the respetive methylation densities of the hypermethylated CpG
islands for the organism to the pfethylation densities of the other organisms as part of

determining which cluster the organism belongs.

20.  THe method of claim 13, further comprising:

for eagh of the second plurality of regions:
mputing 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
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taking a logarithm of the respective probability to obtain a respective logarithim
result; and

calculating a sum including the respective logarithm results.

e of the

ot =

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

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 pfobability corresponds to

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

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

to a highest cumulative score from a reference group.

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

calculating a first girn including the respective probabilities.

27.  The methdd 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 whepéin comparing the second amount of regions to a second threshold value
includes:

. ividing the second amount of regions by a second number of the second plurality

of regions héfore comparing to the second threshold value.

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

the decond plurality of regions.
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30.  The method 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 val
larger magnitude when the respective region exhibits an amplification than when n
amplification is exhibited, and wherein a respective region cutoff value has a smgller magnitude

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

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

value when the respective region exhibits a deletion than whef 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 fof another biological sample taken after
treatnﬁent to obtain:
a subsequent first amoun{/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 Jevel exceeding the'respective region cutoff value;
comparing the fizdt amount to the subsequent first amount and the second amount

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

34, The method of claim 33, wherein comparing the first amount to the
subsequent first amophit and the second amount to the subsequent second amount to determine
the prognosis of thé organism includes: |
| etermining 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
secofid 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 1
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 seco

difference is above the one second difference threshold.

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

one second difference threshold are zero.

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

38.  The method of claim 1, wherein the firsy/cutoff value is a specified
distance from a reference methylation level established fropf 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 referencg' methylation level,

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

obtained previous to the biological samiple 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

compgting the difference to a threshold corresponding to the first cutoff value,

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
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;

before comparing the first methylation level to the first cutoff value, normalizing
the first methylation level based on the measured sizes of the DNA 70 cules.

46.  The method of claim 45, wherein normalizipg the first methylation level

‘based on the measured sizes includes:
selecting DNA molecules having a first size;
using the selected DNA molecules to caleyfate the first methylation level, the first

cutoff value corresponding to the first size.
47.  The method of claim 46, wierein 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 6n size.

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

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

determinipg a size of a DNA molecule by comparing the pair of sequences to a
reference genome; an

seledting DNA molecules having the first size.

50.

measured sizes includes:

The method of claim 45, wherein normalizing the first methylation level

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 th
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 respegtive 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 plptality of sites includes CpG
sites, wherein the CpG sites are organized into a plurality gt 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, fvherein the CpG islands have a mean
methylation density of less than a first percedtage in a reference group, and wherein the
coefficient of variation for the methylatiof 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:
determiping whether the CpG island is hypermethylated relative to a reference
group of samples of,6ther organisms by comparing a methylation level of the CpG island to a
respective cutoff #alue;

fogeach 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 densit
and a reference density; and

calculating a respective probability corresponding to the respective diffgrence;

and
using the respective probabilities to determine the cumulative score,
58,  The method of claim 56, wherein the cumulative score igdetermined by:
taking a logarithm of the respective probability to obtain a regpective logarithm
result; and

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

is a negative of the sum.

59.  The method of claim 56, wherein each

ity.

spective difference is normalized

with a standard deviation associated with the reference de

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

to a highest cumulative score from the reference

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

reference group.

62, /' The method of claim 61, wherein the specified percentage is 2%.

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

deviations j4 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 réprcsentation, wherein the first methylation level
corresponds to the first set of regions;
determining a second set of regions that are determined to all exhibit/4 second of:
a deletion, an amplification, or normal representation;
calculating a second methylation level based on the respective frumbers of DNA
molecules methylated at sites in the second set of regions,
wherein comparing the first methylation level to the firsy/cutoff value includes:
computing a parameter between the first methylagfon level and the second
methylation; and

comparing the parameter to the first cutoff ¥alue.

65.  The method of claim 64, wherein tHe first methylation level is a statistical
value of region methylation levels calculated for each fegion 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 clainy65, wherein the statistical values are determined

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

67.  The method 6f claim 64, wherein the parameter includes a ratio or a

difference.

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

applying a probability' stribution to the ratio or the difference.

obtaining a second methylation profile corresponding to DNA molecules of the
secghd tissue, the second methylation profile providing a second methylation density at each of a
urality 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 afe
from the first tissue; and |
determining the first methylatioﬁ 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 pixture
methylation density of the cell«—freé methylation profile, the differepte being scaled by

the percentage.

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

classification of a level of cancer based on the comparisop.

71.  The method of claim 69, furthgr comprising:

transforming the first methylation profile to obtain a corrected first methylation

profile.

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

73. The method/of claim 69, wherein the differential parameter D for a locus
is defined as D = mbc — : , where mbc denotes the second methylation density of

the second methylation préfile at the locus, mp denotes the mixture methylation density of the
cell-free methylation ppofile at the locus, f1s the percentage of cell-free DNA molecules from

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

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

first tissue béing 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:
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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 th
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 ffom a female
subject pregnaﬁt with a fetus, and wherein the first tissue is from the fetus or

second tissue is from the female subject.

78.  The method of claim 77, further comprising:
determining a first methylation level from the first yyethylation 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, whereinthe 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 don-malignant tissue of the organism,

81,  The method of claim 69, wherein the biological sample also includes

DNA molecules from the second tissde, and wherein obtaining the second methylation profile
includes:
analyzing the DNA molecules from the second tissue to determine the second

methylation profile.

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

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

The method of claim 69, wherein determining a mixture methylation

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

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

r more sites to obfain 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 th, cell—ﬁ‘ee 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 determigfing the cell-free methylation
profile includes:
performing single molecule sequencing of fhe DNA, wherein the sequencing of a

single molecule includes determining whether at least gfie 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 sampl¢ including cell-free DNA comprising a mixture of
cell-free DNA originating from a first tisg0e and from a second tissue, the method comprising:

analyzing a plurality of/DNA molecules from the biological sample, wherein
analyzing a DNA molecule includeg’

determining g/location of the DNA molecule in a genome of the organism;
determining a genotype of the DNA molecule;
determjriing whether the DNA molecule is methylated at one or more sites;
identifyjfig a plurality of first loci at which a first genome of the first tissue is
heterozygous for a réspective first allele and a respective sécond. allele and a second genome of

the second tissue/As homozygous for the respective first allele;

/Tor 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 pldcenta and the

second tissue corresponds to the female subject.

90.  The method of claim 88, wherein the sites correspghd to CpG sites.

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

site,

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

CpG site.

93. A method of detecting a chfomosomal abnormality from a biological
sample of an organism, the biological sample jacltuding cell-free DNA comprising a mixture of
cell-free DNA originating from a first tissug’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 lgfication of the DNA molecule in a reference genome;
determining vhether the DNA molecule is methylated at one or more sites;
for each of a plurality of sites:
deterpining a respective number of DNA molecules that are methylated at the
site;

calgilating 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

chromgsomal 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 fractfonal

concentration of cell-free DNA from the first tissue,

97.  The method of claim 93, wherein calculating a first meghiylation level
includes:

identifying a plurality of regions of a genome of the org

identifying one or more sites within each of the regions;

calculating a region methylation level for each reg'eg, 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 ofclaim 97, wherein the threshold value is a percentage, and
wherein comparing the first nu?y 1 to a threshold value includes:
dividing the first number of regions by a second number of regions before

. comparing to the threshold ¥alue.

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

the identified pluralify of regions.

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

specified ampbunt 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
sgcond tissue is from the female subject, and wherein the chromosomal abnormality is a fetal

chromosomal abnormality.
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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 fro
other female pregnant subjects carrying fetuses without a chromosomal abnormality for tHe first

chromosomal region.

104.  The method of claim 101, wherein the chromosomal abno

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 niethod of claim 93, wherein ¢dtoff 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, fvhere the type of abnormality is deletion or

duplication.

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

chromosomal region.

110.  The yethod 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.

1¥Y1.  The method of claim 93, wherein the chromosomal abnormality is a

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

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

gystem to perform the method of any one of claims 1-111.
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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 the biological sample is harvested from a process to obtain
nucleic acid molecules that 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. The method 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.

163



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 cutoft 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 of the plurality of CpG islands.

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.
S8. 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 corresponds

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;

167



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 cutoft 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.

60. 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. The method 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 — , where mbc denotes the second methylation density of

f*CN
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:
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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 the 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

170



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,
the first methylation level corresponding to a proportion of DNA molecules that are methylated
at the 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.
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94, The method of claim 93, wherein comparing the first methylation level to
a cutoff value includes:
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.
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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.

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

subchromosomal deletion or subchromosomal duplication or DiGeorge syndrome.

112.  The method of any one of claims 1-111, wherein the biological sample is

selected from the group consisting of plasma and serum.

113.  The method of any one of claims 1-111, wherein the biological sample is

harvested from a centrifugation process.
114. 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 claimsl, 7-48, 50-84, and 88-113.
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