requires two different sequencing assays and two different pools of cfDNA. This can be cost-

prohibitive in terms of plasma/cfDNA input and associated costs. In addition, destruction of

DNA by bisulfite can reduce the sensitivity of variant-calling methods that can work on

bisulfite- converted DNA sequencing data (relative to enzymatic conversion). Thus, improved

methods for analyzing methylation of cfDNA are needed to preserve the integrity of sample

nucleic acid and enable improved accuracy of methylation state analysis at the whole genome or

targeted level.

SUMMARY

[0008a] In a first aspect, provided herein is a method of methylation sequencing a nucleic acid

molecule of a biological sample comprising:

a)

b)

d)

ligating a nucleic acid adapter to the nucleic acid molecule, wherein the nucleic acid
molecule comprises unconverted nucleic acids, wherein the nucleic acid adapter is a
conversion-tolerant adapter comprising guanine, thymine, adenine, and cytosine bases,
and not comprising 5-methylcytosine (5Mc)-containing bases or 5-
hydroxymethylcytosine (ShmC)-containing bases;

converting unmethylated cytosines to uracils in the nucleic acid molecule using a
sequential Ten-eleven translocation/apolipoprotein B MRNA -editing enzyme
(TET/APOBEC) enzymatic conversion method, thereby generating converted nucleic
acids;

amplifying the converted nucleic acids at least in part by polymerase chain reaction,
thereby generating amplified converted nucleic acids;

contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for sequences
corresponding to the pre-identified panel of CpG or CH loci, thereby generating enriched
converted nucleic acids;

determining a nucleic acid sequence of the enriched converted nucleic acids at a depth of
greater than 100x; and

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to

determine a methylation profile of the nucleic acid molecule of the biological sample.

[0008b] In a second aspect, provided herein is a method for determining a targeted methylation

pattern in a nucleic acid molecule of a biological sample from a subject comprising:

a)

ligating a nucleic acid adapter to the nucleic acid molecule, wherein the nucleic acid



b)

molecule comprises unconverted nucleic acids, wherein the nucleic acid adapter is a
conversion-tolerant adapter comprising guanine, thymine, adenine, and cytosine bases,
and not comprising 5-methylcytosine (SMc)-containing bases or 5-
hydroxymethylcytosine (ShmC)-containing bases;

converting unmethylated cytosines to uracils in the nucleic acid molecule using a
TET/APOBEC enzymatic conversion method to thereby produce converted nucleic
acids;

amplifying the converted nucleic acids at least in part by polymerase chain reaction to
thereby generate amplified converted nucleic acids;

contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for sequences
corresponding to the pre-identified panel of CpG or CH loci;

determining a nucleic acid sequence of the enriched converted nucleic acids at a depth of
greater than 100x; and

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
determine the targeted methylation pattern of the nucleic acid molecule of the biological

sample from the subject.

[0009] Methods and systems provided herein address limitations of bisulfite-based methylation

sequencing by improving the quality and accuracy of nucleic acid methylation sequencing and

uses thereof for detection of disease. More accurate and complete information regarding

methylation state permits higher quality feature generation for use in machine learning models

and classifier generation.

[0010] In one example, a method is provided for performing methylation sequencing of a

nucleic acid sample comprising:

a)

b)

c)

d)

ligating a nucleic acid adapter comprising a unique molecular identifier to the nucleic
acid molecule, wherein the nucleic acid molecule comprises unconverted nucleic acids;
converting unmethylated cytosines to uracils in the nucleic acid molecule using a
minimally-destructive conversion method, thereby generating converted nucleic acids;
amplifying the converted nucleic acids by polymerase chain reaction, thereby generating
amplified converted nucleic acids;

probing the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for sequences

corresponding to the panel, thereby generating probed converted nucleic acids;
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e) determining the nucleic acid sequence of the probed converted nucleic acids at a depth of
>100x; and
f) comparing the nucleic acid sequence of the probed converted nucleic acids to a reference
nucleic acid sequence of the pre-identified panel of CpG or CH loci to determine the
methylation profile of the nucleic acid molecule of the biological sample.
[0011] In one example, the nucleic acid molecule is plasma cfDNA.
[0012] In one example, the minimally-destructive conversion method comprises enzymatic
conversion, TAPS, or CAPS.
[0013] In one example, the unique molecular identifier is 4 bp to 6 bp in length and has a 5'

thymidine overhang.
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acid sequence of the pre-identified panel of CpG or CH loci to determine the methylation

profile of the cell-free DNA (cfDNA) sample from the subject.

[0025] In one example, the determining of the nucleic acid sequence of the converted nucleic

acids comprises duplex-like error correction.

[0026] In one example, the nucleic acid adapter is a conversion-tolerant adapter comprising

guanine, thymine, adenine and cytosine bases, and not comprising SmC-containing or ShmC-

containing bases.

[0027] In one example, the pre-identified panel of CpG or CH loci comprises loci associated

with transcription factor start sites.

[0028] In one example, the targeted methylation pattern comprises hemi-methylated CpG loci.

[0028a] In a third aspect, provided herein is a method for determining a methylation profile of a

cell-free deoxyribonucleic acid (cfDNA) sample from a subject comprising:

a)

b)

d)

ligating a nucleic acid adapter to the cfDNA, wherein the cfDNA comprises
unconverted nucleic acids, wherein the nucleic acid adapter is a conversion-
tolerant adapter comprising guanine, thymine, adenine, and cytosine bases, and
not comprising 5-methylcytosine (SmC)-containing or 5-hydroxymethylcytosine
(5hmC)-containing bases;

converting unmethylated cytosines to uracils in nucleic acid molecules using a
TET/APOBEC enzymatic conversion method to thereby produce converted
nucleic acids;

amplifying the converted nucleic acids at least in part by polymerase chain
reaction to thereby generate amplified converted nucleic acids;

contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for
sequences corresponding to the pre-identified panel of CpG or CH loci, thereby
generating enriched converted nucleic acids;

determining a nucleic acid sequence of the enriched converted nucleic acids at a
depth of greater than 100x; and

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
determine the methylation profile of the cell-free DNA (¢cfDNA) sample from the

subject.

[0029] In one example, a method is provided for determining a methylation profile of a cell-free

DNA (cfDNA) sample from a subject comprising:



a) ligating a nucleic acid adapter comprising a unique molecular identifier to the cfDNA,
wherein the cfDNA comprises unconverted nucleic acids;

b) enzymatically converting unmethylated cytosines to uracils in nucleic acid molecules to
produce converted nucleic acids;

c) amplifying the converted nucleic acids by polymerase chain reaction;

d) probing the converted nucleic acids with nucleic acid probes that are complementary to a
pre-identified panel of CpG or CH loci to enrich for sequences corresponding to the pre-
identified panel of CpG or CH loci;

e) determining the nucleic acid sequence of the converted nucleic acids at a depth of >100x;
and

f) comparing the nucleic acid sequence of the converted nucleic acids to a reference nucleic
acid sequence of the pre-identified panel of CpG or CH loci to determine the methylation
profile of the cell-free DNA (cfDNA) sample from the subject.

[0030] In one example, the nucleic acid adapter is a conversion-tolerant adapter comprising
guanine, thymine, adenine, and cytosine bases, and not comprising SmC-containing or ShmC-
containing bases.

[0031] In one example, the unique molecular identifier is 4 bp to 6 bp in length and has a 5'
thymidine overhang.

[0032] In one example, the nucleic acid adapter further comprises a unique dual index (UDI)
sequence. In one example, the UDI sequence is 4 bp, 5 bp, 6 bp, 7 bp, 8 bp, 9 bp, 10 bp, 11 bp,
or 12 bp in length.

[0033] In one example, the method further comprises identifying a tissue-of-origin of the

cfDNA sample, identifying a somatic variant in the cfDNA sample, inferring nucleosome
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[0036a] In a fourth aspect, provided herein is a method of producing a classifier comprising:

a)

b)

d)

g)

ligating a nucleic acid adapter to a nucleic acid molecule of a biological sample
obtained from healthy subjects and biological samples from subjects having a
cancer, wherein the nucleic acid adapter is a conversion-tolerant adapter
comprising guanine, thymine, adenine, and cytosine bases, and not comprising 5-
methylcytosine (SmC)-containing or 5-hydroxymethylcytosine (ShmC)-
containing bases;

converting unmethylated cytosines to uracils in the nucleic acid molecule using a
TET/APOBEC enzymatic conversion method, thereby generating converted
nucleic acids;

amplifying the converted nucleic acids at least in part by polymerase chain
reaction, thereby generating amplified converted nucleic acids;

contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for
sequences corresponding to the pre-identified panel of CpG or CH loci, thereby
generating enriched converted nucleic acids;

determining a nucleic acid sequence of the enriched converted nucleic acids at a
depth of greater than 100x;

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
obtain sets of measured values of machine learning input features that are
representative of methylation profiles from the healthy subjects and from the
subjects having the cancer; and

training, using the machine learning input features, a machine learning model to
produce the classifier that distinguishes between the healthy subjects and the

subjects having the cancer.

[0037] In one example, a method is provided for producing a classifier comprising:

a) ligating a nucleic acid adapter comprising a unique molecular identifier to a nucleic acid

molecule of a biological sample obtained from healthy subjects and biological samples

from subjects having a cancer;

b) converting unmethylated cytosines to uracils in the nucleic acid molecule using a

minimally-destructive conversion method, thereby generating converted nucleic acids;

c) amplifying the converted nucleic acids with polymerase chain reaction, thereby

generating amplified converted nucleic acids;



d) probing the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for sequences
corresponding to the panel, thereby generating probed converted nucleic acids;

e) determining the nucleic acid sequence of the probed converted nucleic acids at a depth of
>100x;

f) comparing the nucleic acid sequence of the probed converted nucleic acids to a reference
nucleic acid sequence of the pre-identified panel of CpG or CH loci to obtain sets of
measured values of input features that are representative of methylation profiles from the
healthy subjects and from the subjects having the cancer; and

g) training a machine learning model to produce the classifier that distinguishes between
the healthy subjects and the subjects having the cancer.

[0038] In one example, the pre-identified panel of CpG or CH loci comprises loci associated
with transcription start sites.

[0039] In one example, the method further comprises determining hemi-methylated CpG or CH
loci.

[0040] In one example, the method further comprises identifying a tissue-of-origin for the
nucleic acid molecule.

[0041] In one example, the method further comprises identifying genomic position and fragment
length for the nucleic acid molecule.

[0042] In one example, the unique molecular identifier is 4 bp to 6 bp in length and has a 5'
thymidine overhang.

[0043] In one example, the nucleic acid adapter further comprises a unique dual index (UDI)
sequence. In one example, the UDI sequence is 4 bp, 5 bp, 6 bp, 7 bp, 8 bp, 9 bp, 10 bp, 11 bp,
or 12 bp in length.

[0044] In one example, the amplifying of the converted nucleic acids comprises using primers
that contain a unique dual index (UDI) sequence. In one example, the UDI sequence is 4 bp, 5

bp, 6 bp, 7 bp, 8 bp, 9 bp, 10 bp, 11 bp, or 12 bp in length.
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CLAIMS

WHAT IS CLAIMED IS:

1. A method of methylation sequencing a nucleic acid molecule of a biological sample

comprising:

a)

b)

d)

ligating a nucleic acid adapter to the nucleic acid molecule, wherein the nucleic
acid molecule comprises unconverted nucleic acids, wherein the nucleic acid
adapter is a conversion-tolerant adapter comprising guanine, thymine, adenine,
and cytosine bases, and not comprising 5-methylcytosine (5Mc)-containing bases
or 5-hydroxymethylcytosine (5hmC)-containing bases;

converting unmethylated cytosines to uracils in the nucleic acid molecule using a
sequential Ten-eleven translocation/apolipoprotein B MRNA-editing enzyme
(TET/APOBEC) enzymatic conversion method, thereby generating converted
nucleic acids;

amplifying the converted nucleic acids at least in part by polymerase chain
reaction, thereby generating amplified converted nucleic acids;

contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for
sequences corresponding to the pre-identified panel of CpG or CH loci, thereby
generating enriched converted nucleic acids;

determining a nucleic acid sequence of the enriched converted nucleic acids at a
depth of greater than 100x; and

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
determine a methylation profile of the nucleic acid molecule of the biological

sample.

2. The method of claim 1, wherein the nucleic acid molecule is plasma cell-free

deoxyribonucleic acid (cfDNA).

3. The method of claim 1, wherein the nucleic acid adapter further comprises a unique

molecular identifier.

4. The method of claim 3, wherein the unique molecular identifier is 4 nucleotides to 6

nucleotides in length and comprises a 5' thymidine overhang.

5. The method of claim 4, wherein the nucleic acid adapter further comprises a unique dual

index (UDI) sequence.

6. The method of claim 5, wherein the UDI sequence is 4 nucleotides, 5 nucleotides, 6
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10.

11.

12.

13.

nucleotides, 7 nucleotides, 8 nucleotides, 9 nucleotides, 10 nucleotides, 11 nucleotides,
or 12 nucleotides in length.

The method of claim 1, wherein the amplifying of the converted nucleic acids comprises
using primers that contain a unique dual index (UDI) sequence.

The method of claim 1, wherein the nucleic acid probes comprise unmethylated nucleic
acid probes.

The method of claim 1, wherein the nucleic acid probes hybridize to target regions of
interest that are consistent with unmethylated cytosines at CpG sites in the reference
nucleic acid sequence.

The method of claim 1, wherein the nucleic acid probes comprise target regions of
interest that are consistent with methylated cytosines at CpG sites in the reference
nucleic acid sequence.

The method of claim 1, further comprising chemically or enzymatically altering the
nucleic acid probes, wherein the chemically or enzymatically altered nucleic acid probes
are methylated or unmethylated nucleic acid probes.

The method of claim 1, wherein one or more cytosines in CG loci of the enriched nucleic
acids are converted to thymines, and wherein one or more cytosines in CH loci of the
enriched nucleic acids are converted to thymines.

A method for determining a targeted methylation pattern in a nucleic acid molecule of a
biological sample from a subject comprising:

a) ligating a nucleic acid adapter to the nucleic acid molecule, wherein the nucleic
acid molecule comprises unconverted nucleic acids, wherein the nucleic acid
adapter is a conversion-tolerant adapter comprising guanine, thymine, adenine,
and cytosine bases, and not comprising 5-methylcytosine (5Mc)-containing bases
or 5-hydroxymethylcytosine (5hmC)-containing bases;

b) converting unmethylated cytosines to uracils in the nucleic acid molecule using a
TET/APOBEC enzymatic conversion method to thereby produce converted
nucleic acids;

c) amplifying the converted nucleic acids at least in part by polymerase chain
reaction to thereby generate amplified converted nucleic acids;

d) contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for
sequences corresponding to the pre-identified panel of CpG or CH loci;

e) determining a nucleic acid sequence of the enriched converted nucleic acids at a

depth of greater than 100x; and
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14.

15.

16.

17.

18.

f)

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
determine the targeted methylation pattern of the nucleic acid molecule of the

biological sample from the subject.

The method of claim 13, wherein the determining of the nucleic acid sequence of the

enriched converted nucleic acids comprises duplex-like error correction.

The method of claim 13, wherein the nucleic acid adapter further comprises a unique

molecular identifier.

The method of claim 13, wherein the pre-identified panel of CpG or CH loci comprises

loci associated with transcription factor start sites.

The method of claim 13, wherein the targeted methylation pattern comprises hemi-

methylated CpG loci.

A method for determining a methylation profile of a cell-free deoxyribonucleic acid

(cfDNA) sample from a subject comprising:

a)

b)

d)

ligating a nucleic acid adapter to the cfDNA, wherein the cfDNA comprises
unconverted nucleic acids, wherein the nucleic acid adapter is a conversion-
tolerant adapter comprising guanine, thymine, adenine, and cytosine bases, and
not comprising 5-methylcytosine (5mC)-containing or 5-hydroxymethylcytosine
(5hmC)-containing bases;

converting unmethylated cytosines to uracils in nucleic acid molecules using a
TET/APOBEC enzymatic conversion method to thereby produce converted
nucleic acids;

amplifying the converted nucleic acids at least in part by polymerase chain
reaction to thereby generate amplified converted nucleic acids;

contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for
sequences corresponding to the pre-identified panel of CpG or CH loci, thereby
generating enriched converted nucleic acids;

determining a nucleic acid sequence of the enriched converted nucleic acids at a
depth of greater than 100x; and

processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
determine the methylation profile of the cell-free DNA (cfDNA) sample from the

subject.

19. The method of claim 18, wherein the nucleic acid adapter further comprises a unique
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molecular identifier.

20. The method of claim 18, further comprising identifying a tissue-of-origin of the cfDNA
sample, identifying a somatic variant in the cfDNA sample, inferring nucleosome
positioning in the cfDNA sample, identifying differentially methylated regions in the
cfDNA sample, or identifying a haplotype block in the cfDNA sample.

21. A method of producing a classifier comprising:

a) ligating a nucleic acid adapter to a nucleic acid molecule of a biological sample
obtained from healthy subjects and biological samples from subjects having a
cancer, wherein the nucleic acid adapter is a conversion-tolerant adapter
comprising guanine, thymine, adenine, and cytosine bases, and not comprising 5-
methylcytosine (5mC)-containing or 5-hydroxymethylcytosine (5hmC)-
containing bases;

b) converting unmethylated cytosines to uracils in the nucleic acid molecule using a
TET/APOBEC enzymatic conversion method, thereby generating converted
nucleic acids;

c) amplifying the converted nucleic acids at least in part by polymerase chain
reaction, thereby generating amplified converted nucleic acids;

d) contacting the amplified converted nucleic acids with nucleic acid probes that are
complementary to a pre-identified panel of CpG or CH loci to enrich for
sequences corresponding to the pre-identified panel of CpG or CH loci, thereby
generating enriched converted nucleic acids;

e) determining a nucleic acid sequence of the enriched converted nucleic acids at a
depth of greater than 100x;

f) processing the nucleic acid sequence of the enriched converted nucleic acids to a
reference nucleic acid sequence of the pre-identified panel of CpG or CH loci to
obtain sets of measured values of machine learning input features that are
representative of methylation profiles from the healthy subjects and from the
subjects having the cancer; and

g) training, using the machine learning input features, a machine learning model to
produce the classifier that distinguishes between the healthy subjects and the
subjects having the cancer.

22. The method of claim 21, wherein the nucleic acid adapter further comprises a unique
molecular identifier.

23. The method of claim 21, wherein the pre-identified panel of CpG or CH loci comprises

loci associated with transcription start sites.
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24,

25.

26.

27.

The method of claim 21, further comprising determining hemi-methylated CpG or CH
loci.

The method of claim 21, further comprising identifying a tissue-of-origin for the nucleic
acid molecule.

The method of claim 21, further comprising identifying a genomic position and a
fragment length for the nucleic acid molecule.

The method of claim 21, wherein the input features are selected from base wise
methylation % for CpG, base wise methylation % for CHG, base wise methylation % for
CHH, the count or rate of observing fragments with different counts or rates of
methylated CpGs in a region, conversion efficiency, hypomethylated blocks, methylation
levels for CPG, methylation levels for CHH, methylation levels for CHG, fragment
length, fragment midpoint, methylation levels for chrM, methylation levels for LINEL,
methylation levels for ALU, dinucleotide coverage, evenness of coverage, mean CpG

coverage globally, and mean coverage at CpG islands, CGI shelves, and CGI shores.
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