10

15

20

25

30

35

WO 2023/228174 PCT/1L2023/050518

USEFUL COMBINATIONS OF RESTRICTION ENZYMES

All documents and online information cited herein are incorporated by reference in their entiret

TECHNICAL FIELD
The invention is in the field of analysing methylation of cytosine residues in DNA, and is partic

useful for analysing human cell-free DNA e.g. as found in plasma.

BACKGROUND

Various techniques are known for analysing methylation of cytosine residues in DNA. One co
method involves bisulfite conversion, in which unmethylated cytosines are converted to uracil
bisulfite. The converted DNA is then analysed, and a comparison of bisulfite-treated and bis
untreated DNA reveals which cytosine residues were not converted to uracil (and thus
methylated). One major drawback with this technique is that bisulfite conversion is chemically
leading to high levels of degradation of source material, which is a problem when using small qua

of source DNA. The chemical conversion is also biased, and inherently noisy.

Another technique uses a methylation-sensitive restriction enzyme (MSRE) whose activity is bl
if a cytosine within a CpG site in the enzyme’s recognition sequence is methylated. Various M
based techniques are available, using either single enzymes or combinations. For instance, the
assay uses a combination of Hpall and Mspl. The recognition sequence for both of these enzy:
CCGG, but Hpall is methylation-sensitive. A comparison of the digestion products for th
enzymes can thus reveal which CCGG sites were CpG-methylated. Other MSRE-based assays

multiple enzymes are known, including methods using three or four (or more) different enzyme

It is also possible to use a methylation-dependent restriction enzyme (MDRE) which dige

recognition sequence only if a cytosine is methylated i.e. the inverse of a MSRE-based assay.

These enzyme-based techniques have also been used to analyse methylation of cell-free
(cfDNA), as in the EpiCheck platform marketed by Nucleix. The use of multiple enzymes for dig
of cfDNA has also been reported. For instance, mixtures of Hhal, Hpall and exonuclease I hav:
used to digest cfDNA, and mixtures of two or three of BstUI, Hhal, and/or Hpall have been us
analysing fetal cfDNA in maternal blood. Methods for digesting cfDNA using BstUI alone
combination with Hhal, Hpall, or Hpall+HinP1I are known, as are methods using Bsh123614
Bsh12361+Hpall+HinP1I, HinP1[+Hhal, Hhal+Hpall, or Hhal+AcclIl, as well as methods
Hpall+Acil+HpyCH4IV and HinP1I. Also known are DNA digestion methods using BstUI+
Hpall+Cfol or mixtures of two or three of Accll, Hpall and HpyCH4IV, as are methods
BstUI+Mlul, BstUI+Hpall or Naul + MbuBI. Various of these methods involve a downstrean
step, so it is necessary to inactivate the MSRE(s) prior to PCR so that the amplicons (which v

unmethylated) are not digested.

There remains a need for further MSRE and/or MDRE combinations which are useful for dig
cfDNA and which can offer various advantages over combinations which have already been

including in techniques which include downstream PCR. There is also a need for further techs
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for analysing CpG methylation using restriction enzyme combinations and which can offer adva

over known methods.

SUMMARY

The invention provides a method for digesting cfDNA using a combination of restriction en.
comprising HinP1I and Acil, wherein the method comprises steps of: (i) digesting the cfDNA w
restriction enzymes; and (ii) inactivating the restriction enzymes by heating for longer than 15 mi
Inactivating the restriction enzymes by heating for 20 minutes or longer is preferred. This per
inactivation can achieve complete inactivation, to ensure that residual enzymatic activity do

persist into downstream steps, unlike the 15 minutes of heat inactivation used in some known me

The invention also provides a method for digesting cfDNA using a combination of restriction en:
comprising HinP1I and Acil, wherein the method comprises steps of: (i) digesting the cfDNA w
restriction enzymes for 11 hours or less; and (ii) completely inactivating the restriction enzyn
heating. 11 hours of digestion is more than adequate for digestion of all cfDNA in a typical s:

and the 14 hour or 16 hour digestion times in some known methods are unnecessarily long.

Although 11 hours or less of digestion is adequate for complete digestion of cfDNA in a typical s
obtained from blood collected in a typical collection tube containing an anticoagulant, sucl
K>;EDTA collection tube, digestion has been found to be inhibited in some types of collection tt
particular, this inhibition can be seen in collection tubes which contain an anticoagulant and an
to inhibit genomic DNA from white blood cells being released into the plasma component of the
sample, such as a BCT from Streck (see below). When blood has been stored in such tubes it ma
be useful to increase digestion times compared to blood which was stored in a K;EDTA coll
tube. Thus the invention also provides a method for digesting cfDNA using a combination of rests
enzymes comprising HinP1I and Acil, wherein the method comprises steps of: (i) providing a
sample contained within a collection tube that includes an anticoagulant and an agent to i
genomic DNA from white blood cells in the sample being released into the plasma component
blood sample; (ii) preparing plasma from the blood sample; and (iii) digesting the cfDNA w
restriction enzymes for at least 2 hours. This method can further comprise a step of (iv) inacti
the restriction enzymes by heating, as disclosed elsewhere herein. The use of this type of coll
tube advantageously enables blood samples to be stored and/or shipped (e.g. at room temperature
being taken, while inhibiting contamination of cfDNA by genomic DNA which can otherw
released into plasma from white blood cells during storage. The one hour digestion time used in
known methods after blood collection in such a tube from pregnant mothers has sometimes been
to be too short for achieving consistent and reliable results with ¢cfDNA, and step (iii) can i1
digestion for longer than 2 hours (e.g. for at least 4, 6, 8, 10, 12, 14 hours or more e.g. for ab
hours) and ideally long enough to provide substantially complete digestion of the cfDNA. Cont
previous reports that certain cfDNA blood collection tubes are unsuitable for downstream anal?
methylated sequences in cfDNA, it has now been found that blood samples stored in these tub
indeed be subjected to cfDNA analysis as disclosed herein, particularly when digestion occurs

hours or more.
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The invention similarly provides a method for digesting cfDNA using a combination of rests
enzymes comprising HinP1I and Acil, wherein the method comprises a step of digesting the ¢
with the restriction enzymes for at least 2 hours, wherein the cfDNA is derived from plasma pre
from a blood sample that was contained within a collection tube that includes an anticoagulant :
agent to inhibit genomic DNA from white blood cells in the sample being released into the
component of the blood sample. This method can further comprise a step of inactivating the rest

enzymes by heating, as disclosed elsewhere herein.

The invention similarly provides a method for digesting cfDNA using a combination of rests
enzymes comprising HinP1I and Acil, wherein the method comprises steps of: (i) preparing t
from a blood sample which was contained within a collection tube that includes an anticoagula
an agent to inhibit genomic DNA from white blood cells in the sample being released into the
component of the blood sample; and (ii) digesting the cfDNA with the restriction enzymes for a
2 hours. This method may comprise either or both of: before (i), a step of receiving the collectior

and/or after step (ii), inactivating the restriction enzymes by heating, as disclosed elsewhere her

The invention also provides a method for analysing cfDNA, wherein the method comprises ste
(i) digesting the cfDNA with using a combination of restriction enzymes comprising HinP1I anc
and (ii) sequencing of the digested cfDNA. In particular, step (ii) can involve next gene
sequencing, in which digested cfDNA is converted into a sequencing library, and sequencing rea

are then performed on the library.

The invention similarly provides a method for analysing cfDNA, wherein the method comprises
of sequencing a digested cfDNA sample, wherein the sample has previously been digested u

combination of restriction enzymes comprising HinP1I and Acil.

The invention also provides a method for analysing cfDNA, wherein the method comprises ste
(i) digesting the cfDNA for 11 hours or less using a combination of restriction enzymes comg
HinP1I and Acil; (ii} completely inactivating of the restriction enzymes; and (iii) performing rea
PCR on the digested cfDNA. As noted above, 11 hours of digestion is adequate for digestion of t

amounts of cfDNA, particularly when followed by downstream real-time PCR analysis.

The invention similarly provides a method for analysing cfDNA, wherein the method comprise:
of: (i) digesting the cfDNA for 11 hours or less using a combination of restriction enzymes comy
HinP1I and Acil; (ii) completely inactivating the restriction enzymes; and (iii) performing rea
PCR on the digested cfDNA. As noted above, 11 hours of digestion is adequate for digestion of t

amounts of cfDNA, particularly when followed by downstream real-time PCR analysis.

The invention also provides a method for analysing data derived from digested cfDNA, where
data comprise real-time PCR quantification cycle data or sequence read data from high-throt
sequencing, and the cfDNA was digested by a method for digesting cfDNA as disclosed herei:

method can be used to provide the methylation status of one or more CpG sites of interest in the ct

The invention also provides a composition comprising a plurality of restriction enzymes, where
plurality consists of MSRE and/or MDRE, and wherein (i) at least two different restriction enzy:

3
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the plurality have different recognition sequences, and (ii) the restriction enzymes can be comg
inactivated by heating to 65°C. By recognising different sequences, the number of genomic Cp(
which can be analysed is increased compared to using combinations of enzymes which have the
recognition sequence (e.g. Hhal and HinP1I, as used by Zhao et al., which both recognise GCC
with different cleavage sites therein). Inactivation at 65°C is gentler (e.g. in terms of gene
undesirable ssDNA) and easier (e.g. less energy intense) than inactivation of mixtures inc.
enzymes such as Hpall, Aval, Haell, or MIul (which require heating to 80°C for inactivation, acc
to suppliers of such enzymes), and provides clear advantages over mixtures which include en.

that cannot be readily heat-inactivated (as reported for BstUI, Pvul, and Hhal, for example).

This composition may be based on MSREs, without needing MDREs, and so the inventio
provides a composition comprising a plurality of MSREs wherein (i) at least two different MSI
the plurality have different recognition sequences, and (ii) the plurality of MSREs can be comj

inactivated by heating to 65°C. This composition may be free from MDRE.

The invention also provides a composition comprising HinP1I and Acil as the only two rest
enzymes in the composition. This pairing of enzymes covers over 99% of CpG islands in the |
genome, while being simpler to prepare, with greater precision, than more complex mixtures
have sometimes been used. A composition comprising only two restriction enzymes is advante
in that it is easier to tailor digestion conditions (e.g., incubation temperature, reaction buffer etc
combination of two enzymes compared to a combination of three or more enzymes w
compromising enzyme activity. For example, Bsh1236I, Hpall and HinP1I, as used by Ellinge:
require different optimal buffers for 100% activity. Whereas ThermoFisher recommends the
buffer” as optimal for its Hpall and HinP1I, for Bsh1236I it recommends “Buffer R”. Prepa
reaction mixture comprising this combination of enzymes using Tango buffer only, as repor

Ellinger et al., thus compromises Bsh1236I activity.

Both HinP1I and Acil show 100% activity at 37°C and exhibit 100% activity in the same re
buffer, namely rCutSmart™ (NEB). Both of these enzymes also use the same diluent (diluent A;

and can also be completely inactivated by heating to 65°C.

A composition comprising only two restriction enzymes is also advantageous in downstream 1
preparation methods that involve the depletion of small DNA fragments, which are not subseq
sequenced. Prior to sequencing small DNA fragments are typically depleted to remove free (i..
ligated) sequencing adapters and/or the adapter dimers which can otherwise interfere wi
efficiency and/or quality of DNA sequencing. Where a starting cfDNA molecule is cleaved at
than one site, a greater number of DNA fragments is provided, some of which are very small a
removed (and thus not sequenced) during this step. Increasing the number of restriction enzyme
for digestion increases the likelihood of generating these small DNA fragments, leading to |
preparation bias and an underestimation of unmethylated CpG sites. A composition comprisin;

two restriction enzymes limits this bias.
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The invention also provides a composition comprising HinP1I and Acil, wherein the ratio of F
to Acil is at least 1.2:1 (measured in terms of enzymatic units). Using an excess of HinP1I ha:
found to give better results than a 0.5:1 or 1:1 ratio which has previously been used. Without w
to be bound by theory, it is believed that an improvement can arise because Acil can cut the |
genome more frequently than HinP1I and, as a single cut is enough to impair PCR amplificatio

Acil activity is required to achieve the same impairment.

In these various methods and compositions, it is preferred that: (a) the ratio of HinP1I to Acil is ¢
2:1; (b) the restriction enzymes are provided with a source of Mg** ions; (c) the restriction en.
are used at a pH above 7 e.g. in the range of 7.5-8.5; (d) the cfDNA is human cfDNA e.g. |
plasma cfDNA; and/or (e) the amount of cfDNA subjected to digestion is between 10-4
e.g. between 10-250 ng or between 10-200 ng.

The invention also provides further methods and compositions which include or use these compos

and/or methods, as detailed below.
DETAILED DESCRIPTION

Methylation

The methods and compositions disclosed herein are useful for the analysis of DNA methylatio
in particular for analysing the presence or absence of 5-methyl modifications of cytosine in the ¢
of a CG dinucleotide sequence (commonly denoted as ‘CpG’ dinucleotides or ‘CpG site
eukaryotic DNA. CpG sites are not randomly distributed throughout eukaryotic genomes, ai
frequently found in clusters known as ‘CpG islands’. These islands have been formally d
(Gardiner-Garden & Frommer (1987) J Mol Biol 196:261-82) as regions which are at least 200bg
having 50% or more GC content, and where the observed-to-expected CpG ratio is greater tha
(i.e. where the number of CpG sites multiplied by the length of the sequence, divided by the n
of C multiplied by the number of G, is greater than 0.6). CpG islands are often found near the s
a gene in mammalian genomes, and about 70% of promoters near transcription start sites in the
genome contain a CpG island. Methylation of multiple CpG sites within a promoter’s CpG is]

generally associated with stable silencing of gene expression from that promoter.

The human genome sequence contains around 28 million CpG sites (per haploid genome), with ¢
30,000 CpG islands. In any particular nucleated cell some CpG sites will be methylated and othe
not. Patterns of methylation can differ between different cells and tissues within a subject, such
specific CpG can be methylated in one cell or tissue but unmethylated in a different cell or tissue

the same subject.

It is known that tumors can display different methylation patterns compared to non-tumor ce
compared to other types of tumor). Some sites can become hypermethylated in tumors, while

can become hypomethylated, and the difference in these patterns has been used to aid tumor diag

Cell-free DNA
The methods and compositions disclosed herein are particularly useful for analysing cell-free
(cfDNA) i.e. fragmented genomic DNA which is found in vivo in an animal within a bodily fluid

5
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than within an intact cell. The origin of cfDNA is not fully understood, but it is generally belie
be released from cells in processes such as apoptosis and necrosis. cfDNA is highly fragn
compared to intact genomic DNA (e.g. see Alcaide et al. (2020) Scientific Reports 10, article 1
and in general circulates as fragments between 120-220 bp long, with a peak around 168

humans).

cfDNA is present in many bodily fluids, including but not limited to blood and urine, and the m«
and compositions disclosed herein can use any suitable source of cfDNA e.g. a blood sample (s
venous blood) or a urine sample. Ideally cfDNA is isolated from blood, and the blood may be t
to yield plasma (i.e. the liquid remaining after a whole blood sample is subjected to a separation p
to remove the blood cells, typically involving centrifugation) or serum (i.e. blood plasma w
clotting factors such as fibrinogen). Thus the methods and compositions disclosed herein can b
as part of so-called liquid biopsy testing, and can be implemented using plasma or serum cf
Methods disclosed herein may thus include a step of purifying cfDNA from a blood, plasma or
sample, to provide cfDNA for digestion and analysis. Methods may also include a step of obtai
blood sample and preparing plasma or serum therefrom, thus providing a source for downs
purification of cfDNA.

Blood can be collected in tubes that contain an anticoagulant and an agent to inhibit genomic
from white blood cells in the sample being released into the plasma component of the blood s
Such tubes are commercially available as glass cfDNA ‘Blood Collection Tubes’ or ‘BCT’ from
(La Vista, NE) e.g. as discussed by Diaz et al. (2016) PLoS One 11(11): e0166354, and the
stabilize cfDNA within blood for up to 14 days at 6-37°C (thus providing advantages compa
typical K,EDTA collection tubes). Useful anticoagulants include, but are not limited to, E
heparin, or citrate. Useful agents to inhibit release of genomic DNA from white blood cells in
but are not limited to, diazolidinyl urea, imidazolidinyl urea, dimethoylol-5,5-dimethylhyd:
dimethylol urea, 2-bromo-2-nitropropane-1,3-diol, oxazolidines, sodium hydroxymethyl glycin
hydroxy-methoxymethyl-1-laza-3,7-dioxabicyclo[3.3.0]octane, 5-hydroxymethyl-1-1 aza-3,7
bicyclo[3.3.0]octane, S-hydroxypoly [methyleneoxy]methyl-1-laza-3,7dioxabicyclo[3.3.0]-c
quaternary adamantine, and mixtures thereof. Other useful components can include a quenching
(e.g. lysine, ethylene diamine, arginine, urea, adenine, guanine, cytosine, thymine, spermidine, «
combination thereof) which can abate free aldehyde from reacting with DNA within a s:
aurintricarboxylic acid, metabolic inhibitors (e.g. glyceraldehyde and/or sodium fluoride), .
nuclease inhibitors. For instance, a tube can include imidazolidinyl urea (or diazolidinyl urea), ]
and glycine. Further information about suitable collection tubes can be found in W02013/1230:
US2010/0184069.

Other useful collection tubes are available, including but not limited to various plastic tubes: the
Free DNA Collection Tube’ from Roche, made of PET; the ‘LBgard blood tube’ from Biom
made from plastic and suitable for up to 8.5mL of blood; and the ‘PAXgene Blood DNA tube

PreAnalytiX or Qiagen. These various tubes are discussed in more detail in Kerachian er al. (
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Clinical Epigenetics 13,193, Schmidt et al. (2017) Clinica Chimica Acta 269:94-8, and Grolz
(2018) Current Pathobiology Reports 6:275-86.

These various tubes can store up to 8.5mL of blood, or sometimes up to 10mL. A blood sample

from a subject may thus typically have a volume of between 5-10mL.

A 10mL blood sample typically yields between 10-500 ng cfDNA, but can sometimes
substantially higher amounts e.g. up to around 10 pg, particularly in certain cancer patients. M
disclosed herein can be performed on the amount of cfDNA contained in a 10mL blood s:
Methods and compositions disclosed herein may typically use from 10-400 ng of cfDNA, for in
from 10-250 ng or from 10-200 ng.

Analysis of plasma-derived cfDNA is preferred. Kits for purifying cfDNA from plasma (and
bodily fluids) are readily available e.g. the MagMAX cfDNA isolation kit from ThermoFish
Maxwell RSC ccfDNA plasma kit from Promega, the Apostle MiniMax high efficiency isolati
from Beckman Coulter, or the QIAamp or EZ1 products from Qiagen.

Methods and compositions disclosed herein may therefore utilise cfDNA extracted from a biol
fluid sample of a subject, typically from a plasma or serum sample. Methods may begin with c
which has already been prepared, or may include an upstream step of preparing the cfDNA. Simr
methods may include an upstream step of obtaining a plasma sample before a step of preparing ¢

from the plasma sample.

Preferably, the cfDNA utilised in methods and composition disclosed herein is substantially f
single-stranded DNA (ssDNA) i.e. where less than 7% of the cfDNA molecules (by number) are s
stranded, and preferably less than 5% or less than 1% (i.e. such that at least 99% of the c
molecules are double-stranded). In some embodiments, the cfDNA contains less than 0.1% ss
less than 0.01% ssDNA, or may even contain no ssDNA (i.e. free of ssDNA). Extraction of cfD
obtain a cfDNA sample substantially free of ssDNA is described, for example, in W0O2020/1¢
Ensuring low levels of ssDNA avoids potential inhibition of restriction digestion, and is also
after digestion as ssDNA can interfere with downstream steps such as ligation and amplific
Commercial kits are available for quantifying single-stranded DNA in a sample e.g. the Pr

QuantiFluor™ Kit.

In some embodiments, all extracted ¢fDNA is used in the methods disclosed herein. In
embodiments, cfDNA is split into multiple fractions, and one or more fractions is not used
methods disclosed herein but may instead be used in other analytical methods, or is kept for

control experiments, or for other purposes.

In some embodiments, cfDNA is quantified prior to digestion (e.g. by weight, by concentration

In other embodiments, cfDNA is not quantified prior to digestion.

c¢fDNA used with the methods and compositions disclosed herein can be obtained from any euke
subject, such as a mammal, and is ideally obtained from a human subject. In some embodimer

human subject may be known or suspected to have a disease (e.g. a cancer). In other embodimer
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human subject may be known to be healthy. In some embodiments, the subject is not a pr¢

woman.

Restriction enzymes and digestion

Methods and compositions disclosed herein use restriction enzymes which recognise sj
sequences in double-stranded DNA and introduce a double-stranded break into the DNA. The en
have a recognition site which contains a CpG sequence. Type II restriction enzymes are partic
useful i.e. enzymes where the double-stranded break is introduced within the recognition site. T

of multiple restriction enzymes permits simultaneous digestion in parallel within a sample.

More specifically, methods and compositions disclosed herein use methylation-sensitive rest
enzymes and/or methylation-dependent restriction enzymes. A MSRE cleaves the target DNA «
a CpG within its recognition site is unmethylated, and methylation inhibits the cleavage. Convt
a MDRE cleaves the target DNA only if a CpG within its recognition site is methylated. MSRI
MDREs are readily available from well-known commercial suppliers, such as ThermoFisher

England Biolabs, Promega, etc.

MSREs include, but are not limited to: Aatll, Accll, Acil, Acll, Afel, Agel, Aor13HI, Aor51HI,
AsiSI, Aval, BeceAl, BmgBI, BsaAl, BsaHI, BsiEI, BsiWI, BsmBI, BspDI, BspT104I, BssHII,
BstUI, Cfr10I, Clal, Cpol, Dpnll, Eagl, Eco52I, Faul, Fsel, Fspl, Haell, Hapll, Hgal, Hhal, H
Hpall, Hpy991, HpyCH4IV, Kasl, Mlul, Nael, Narl, NgoMIV, Notl, Nrul, Nsbl, PaeR7I,
PmaClI, Pmll, Psp1406I, Pvul, Rsrll, Sacll, Sall, ScrFI, Sfol, SgrAl, Smal, SnaBI, Stfl, TspMI,

MDREs include, but are not limited to: BspEI, BtgZI, FspEI, Glal, LpnPI, McrBC, MsplI, Xhol,

Methods and compositions disclosed herein can comprise a plurality of restriction enzymes, w
the plurality consists of MSRE and/or MDRE. Thus the plurality may include only MSREs
MDREzs, or a mixture of both (e.g. one or more MSRE plus one or more MDRE). In general, hos
it is preferred to work with MSREs, without needing MDRES, and thus the plurality includes |
more MSREs. Using MSREs leads to cfDNA in which methylated CpG sites are inta
unmethylated CpG sites are digested. Thus, for any particular CpG-containing restriction sit
cfDNA sample, a higher percentage of methylation at this site leads to a lower extent of dig

compared to a cfDNA sample containing a higher percentage of methylation at this site.

A preferred plurality of MSREs includes both HinP1I and Acil. In some embodiments it is poss
use one or more MSREs in addition to HinP1I and Acil, but it is more preferred to use HinP
Acil as the only two restriction enzymes for digestion of cfDNA. This pairing of enzymes cover
99% of CpG islands in the human genome. With this MSRE pairing it is preferred to include F
at an excess (measured in terms of enzymatic units) to Acil, and ideally an excess of at least 1.2
at least 1.2 units of HinP1I for every unit of Acil) e.g. at least 1.5:1, at least 1.75:1, at least 2:1, ¢
3:1, at least 4:1, or at least 5:1. Ratios between 2:1 and 5:1 are particularly useful with human ct
and an excess of about 4.5 is preferred e.g. between 4.4 and 4.6. Digestion can be performed at
37°C, until completion. Incubation at 37°C for 2 hours is typically adequate for complete digest

a cfDNA sample using HinP1I and Acil as described herein, but longer digestions can be

8
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e.g. when digesting cfDNA obtained from blood which has been stored in a blood collection tube
contains an anticoagulant and an agent to inhibit genomic DNA from white blood cells being re

into the plasma component of the blood sample (see elsewhere herein).

In some embodiments Hhal, AspLEI or Cfol is used as one of the restriction enzymes for diges!
cfDNA. Each of Hhal, AspLel and Cfol is a MSRE and each recognises the same recognition sec
as HinP1I, but does not necessarily cleave at the same cleavage site within the recognition seq
In some embodiments, Ssil is used as one of the restriction enzymes for digestion of cfDNA. S:
MSRE and recognises the same recognition sequence as Acil, but does not necessarily cleave
same cleavage site within the recognition sequence. In some embodiments, HinP1I and Ssil ar
as the only restriction enzymes for digestion of cfDNA. In some embodiments, Acil and any
Hhal, AspLEI and Cfol are used as the only restriction enzymes for digestion of cf
Advantageously, Acil and HinP1I can be completely inactivated by heating to 65°C, whereas
and AspLEI are insensitive to heat inactivation. In addition, both Acil and HinP1I use the same o
buffer for 100% activity, whereas the recommended optimal reaction buffers for each of Ssil, A
and Cfol are different, making it more difficult to tailor the digestion conditions for these alter

enzyme combinations without compromising enzyme activity.

In some embodiments, any combination of MSREs which recognise the same recognition seque
Hinp1I or Acil, but that do not necessarily cleave at the same cleavage site within the recog

sequence, can be used for digestion of cfDNA.

The concentration of restriction enzymes can be selected according to the particular experi
underway. Typically, HinP1I can be used at 10-450 units per ug cfDNA, and Acil can be used :
100 units per ug cfDNA e.g. with a ratio of 4.5 units HinP1I per unit of Acil. In other embodii
HinP1I can be used at 500-2500 units per ug cfDNA, and Acil can be used at 100-500 units |
cfDNA e.g. with a ratio between 4.4-4.6 units (such as 4.5 units) HinP1I per unit of Acil. In te;
solution concentration, HinP1I can be used at 35-45 units/ml, and Acil can be used at 5-15 un’

e.g. with a ratio of 4.5 units HinP1I per unit of Acil.

HinP1I recognises the sequence GCGC and cleaves after the first G to leave a two nucl
5" overhang (5'-G/CGC). It cuts well at 37°C and can be heat-inactivated by heating at 65°C
minutes. For HinP1I, NEB recommends the use of its rCutSmart™ buffer (SOmM potassium as
20mM Tris-acetate, 10mM magnesium acetate, 100ug/mL recombinant albumin, pH 7.9). 11
HinP1I is defined as the amount of enzyme required to digest 1 pg of A DNA in 1 hour at 37°

total reaction volume of 50 pl.

Some commercial suppliers provide the Hin6l enzyme instead of HinP1I. These two enzyme:
essentially the same properties i.e. they have the same recognition sequence, the same opi
digestion temperature, and they can both be inactivated at 65°C for 20 minutes. Also, 1 unit of
is defined in the same way as 1 unit of HinP1l. Thus the terms HinP1I and Hin6I are

interchangeably herein, and any enzyme combination which is disclosed as using HinP1I sho
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understood as also disclosing that same combination using Hin6I instead e.g. the invention pr

combinations of Acil & Hin6I in the same manner as disclosed herein for Acil & HinP1I.

Acil recognises the sequence CCGC and cleaves after the first C to leave a two nucleotide 5' ove
(5'-C/CGC). It cuts well at 37°C and can be heat-inactivated by heating at 65°C for 20 minute
Acil, NEB recommends the use of its rCutSmart™ buffer (SOmM potassium acetate, 20mM
acetate, 10mM magnesium acetate, 100ug/mL recombinant albumin, pH 7.9). 1 unit of Acil is d
as the amount of enzyme required to digest 1 ug of A DNA in 1 hour at 37°C in a total reaction v

of 50 pl. Its recognition site is non-palindromic.

A DNA is a commonly used DNA substrate extracted from bacteriophage lambda (cI857ind 1 S.
being 48502bp long. It is usually stored in 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, and is y

available from commercial suppliers e.g. from NEB under catalogue number N30118S.

Because HinP1I and Acil share essentially the same conditions for digestion and inactivatio;
make a useful pairing for digesting DNA. In contrast, enzymes such as Hpall, Aval, Haell and
require heating to 80°C for inactivation. BstUI and Pvul, and Hhal, are not susceptible
inactivation. BstUI cuts optimally at 60°C and shows only 10% of its full activity at 37°C. Pvul
only 10% of its full activity in NEB’s rCutSmart™ buffer.

After digestion it is preferred to inactivate the restriction enzymes, particularly if downs
amplification steps, such as PCR, will be used. Heat inactivation is particularly suitable, and F
and Acil can both be inactivated by heating the composition at 65°C for at least 20 minutes e

between 20-60 minutes. Further details about inactivation are given below.

Other useful combinations of enzymes comprise or consist of: (i) HinP1I + Acil + McrBC; (ii) F
+ Acil + MsplI; (iii) HinP1I + Acil + Hpall + HpyCHA4IV + BstUI; (iv) HinP1I + Acil + H
HpyCH41V + Aval; (v) MsplI + FspEI; (vi) MspJI + HinP1I + Acil; (vii) MspJI + FspEI + Hir
Acil; or (viii) MspJI + FspEI + HinP1I + Acil + HpyCH4IV.

Other useful combinations of enzymes comprise or consist of MSREs which recognise the
recognition sequence as HinP1I and/or Acil, but that do not necessarily cleave at the same cle
site within the recognition sequence, including: (i) Acil + Hhal; (ii) Acil + AspLEI; (iii) Acil +
(@iv) Ssil + HinP1; (v) Ssil + Hhal; (vi) Ssil + AspLEI; (vii) Ssil + Cfol; (viii) Ssil + HinP11.

shares essentially the same conditions for digestion and inactivation as HinP11 and Acil (e.g. it is
at 37°C in rCutSmart™, and can be inactivated at 65°C). This trio of enzymes can provide 859

coverage and 100% CpG island coverage, so it is particularly useful.

Two further useful combinations comprise or consist of: (i) HinP1I + Acil + Hpall; or (ii) Hir
Acil + Hpall + HpyCH4IV. For these two combinations, methods and compositions of the inv
should use at least one of the following additional features, as discussed elsewhere herein: (a) F
is used at an excess to Acil in terms of enzymatic units; (b) digestion occurs for 11 hours or less;

digested cfDNA is subjected to sequencing.
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Other useful combinations of enzymes comprise or consist of MSREs which recognise a recog
sequence that comprises the recognition sequence of HinP1I and/or Acil, including: (i) Acil ar
of Afel, AorS1HI, Ascl, BssHII, Paul, Haell, Eco471III, Ehel, FspAl, Glal, Kasl, Mtel, Narl,
PIuTI, Sfol, or Sgsl; (ii) BsrBI and one of Afel, Aor51HI, Ascl, BssHII, Paul, Haell, Eco47III,
FspAl, Glal, Kasl, Mtel, Narl, Nsbl, PIuTI, Sfol, or SgsI; (iii) Mbil and one of Afel, Aor51HI.
BssHII, Paul, Haell, Eco471Il, Ehel, FspAl, Glal, Kasl, Mtel, Narl, Nsbl, PluTI, Sfol, or Sgs
Notl and one of Afel, Aor51HI, Ascl, BssHII, Paul, Haell, Eco47III, Ehel, FspAl, Glal, KasI,
Narl, Nsbl, PIuTI, Sfol, or SgsI; (v) Sacll and one of Afel, AorS1HI, Ascl, BssHII, Paul,
Eco47IIlL, Ehel, FspAl, Glal, Kasl, Mtel, Narl, Nsbl, PIuTI, Sfol, or SgsI; (vi} Cfr42I and one of
Aor51HI, Ascl, BssHII, Paul, Haell, Eco47III, Ehel, FspAl, Glal, KasI, Mtel, Narl, Nsbl, PluTI
or Sgsl; (vii) SgrBI and one of Afel, AorS1HI, Ascl, BssHII, Paul, Haell, Eco4 7111, Ehel, FspAl
Kasl, Mtel, Narl, Nsbl, PIuTI, Sfol, or SgsI.

Other useful combinations of enzymes comprise or consist of MSREs which recognise a recog
sequence that comprises the recognition sequence of HinP1I and/or Acil, including: (i) HinP1I a1
of BsrBI, Mbil, Notl, Sacll, Cfr42I, or SgrBI; (ii) Afel and one of BsrBI, Mbil, Notl, Sacll, Cfr:
SgrBI; (iii) Aor51HI and one of BsrBI, Mbil, Notl, Sacll, Cfr42I, or SgrBI; (iv) Ascl and one of ]
Mbil, Notl, Sacll, Cfr42I, or SgrBI; (v) BssHII and one of BsrBI, Mbil, Notl, Sacll, Cfr42I, or !
(vi) Paul and one of BsrBI, Mbil, Notl, Sacll, Cfr421, or SgrBI; (vii) Haell and one of BsrBI,
Notl, Sacll, Cfr42l, or SgrBI; (viii) Eco47III and one of BsrBI, Mbil, Notl, Sacll, Cfr42I, or ¢
(ix) Ehel and one of BsrBI, Mbil, Notl, Sacll, Cfr42I, or SgrBI; (x) FspAl and one of BsrBI,
Notl, Sacll, Cfr42I, or SgrBI; (xi) Glal and one of BsrBI, Mbil, Notl, Sacll, Cfr42l, or SgrB]
KasI and one of BsrBI, Mbil, Notl, Sacll, Cfr42l, or SgrBI; (xiii) Mtel and one of BsrBI, Mbil.
Sacll, Cfr42I, or SgrBI; (xv) Narl and one of BsrBI, Mbil, Notl, Sacll, Cfr42I, or SgrBI; (xvi
and one of BsrBI, Mbil, Notl, Sacll, Cfr42I, or SgrBI; (xvii) PIutl and one of BsrBI, Mbil, Notl,
Cfrd2l, or SgrBI; (xviii) Sfol and one of BsrBI, Mbil, Notl, SaclIl, Cfr42I, or SgrBI; (ixx) Sgsl ai
of BsrBI, Mbil, Notl, Sacll, Cfr42I, or SgrBL

Where methods are described herein as involving “digestion”, this term (and also “digesting”
refers to the mixing of active restriction enzymes with DNA in conditions under which digestic
occur. If there are no recognition sites for the restriction enzyme in question {e.g. because it is al
and all of the recognition sequences are fully methylated) then a step of “digestion” still takes

even though DNA cleavage does not occur.

Methods
Various methods for digesting cfDNA using a combination of restriction enzymes (e.g. a combi
of MSRESs) are disclosed herein.

Enzymes and cfDNA are typically incubated for a long enough period for substantially cot
digestion to occur i.e. further incubation does not lead to any measurable increase in cfDNA cle:
For a typical sample, this can be achieved by incubation at 37°C for 2 hours, but longer digestio
be performed if desired e.g. 3 hours, 4 hours, or longer (e.g. overnight). In some embodii

digestion is performed for 11 hours or less. Thus, in some embodiments, digestion may be perf
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for between 2-11 hours e.g. for between 2-10 hours, 2-9 hours, 2-8 hours, or 2-4 hours. In
embodiments (e.g. where a collection tube is used, as discussed herein) digestion may be perfi

for longer periods e.g. for 12 hours or more.

After digestion has occurred, it is preferred to inactivate the restriction enzymes, particul:
downstream amplification steps will be used. HinP1I and Acil can both be inactivated by heating
to 65°C e.g. by immersing the reaction mixture in a 65°C water bath. Digestion reaction mixture
cfDNA tend to have a low volume such that the temperature of the whole reaction mixture r
65°C very quickly, leading to inactivation of the enzymes. In some embodiments heating :
temperature occurs for longer than 15 minutes, and ideally occurs for at least 20 minutes e.g. f
60 minutes. The temperature can exceed 65°C if desired, but this is not required. This heating :
adequate for complete inactivation of the restriction enzymes i.e. such that the enzymes’ dig
activity toward cleavable target cfDNA molecules under the digestion conditions employed p

heating can no longer be measurably detected.

The invention also provides methods for analysing cfDNA, comprising digestion of cfDI
discussed above, followed by downstream analytical steps e.g. a step of amplification (such as
and in particular real-time PCR), a step of ligation (such as ligation of sequencing adapters), a s

DNA sequencing, etc. See further below.

The invention also provides methods for assessing methylation status of one or more CpG s
cfDNA, comprising digestion of cfDNA as discussed above, followed by downstream analytica
which quantify the degree of digestion at the one or more CpG sites. The degree of digestion n

determined individually for each site, or may be determined in aggregate.

The invention also provides methods for diagnosing the presence of absence of a cancer in a st
comprising assessing methylation status of one or more CpG sites in cfDNA as discussed :
wherein hypermethylation and/or hypomethylation of the one or more CpG sites is associated w
cancer. In some embodiments, methods include a step of preparing a report in paper or electronis
based on the assessment of the presence or absence of the cancer, and optionally communicati

report to the subject and/or a healthcare provider of the subject.

The invention also provides a method for treating or managing a cancer in a subject, comy
diagnosing the presence of cancer as above, and administering a suitable anti-cancer treatment
subject. The treatment may comprise one or more of surgical resection, chemotherapy, rac

therapy, immunotherapy, and/or targeted therapy.

Preferred methods do not include a step of bisulfite conversion. Other preferred methods inch
step in which chemical changes are made to nucleobases within DNA e.g. no bisulfite conversi

TAPS conversion, etc. TAPS conversion refers to TET-assisted pyridine borane sequencing.

Preferred methods do not use restriction enzyme isoschizomers, where one of the enzymes reco,
both the methylated and unmethylated forms of the restriction site while the other recognizes on

of these forms.
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Preferred methods do not use a mixture of restriction enzymes in which at least one enzyme
recognition sequence which includes a CpG but which is neither a MSRE or a MDRE i.e. an e

which digests regardless of the CpG methylation status.

Some methods do not include a step in which a sample containing purified cfDNA is heated p
digestion. Other preferred methods do not include such a pre-digestion heating step comprising h
the sample above 40°C, above 50°C, above 60°C, above 70°C, or to 80°C. Other preferred mu

do not include a pre-digestion heating step comprising heating the sample at >80°C for >20 mir

Compositions
Various compositions comprising a plurality of restriction enzymes (e.g. a plurality of MSRE
disclosed herein. They are typically aqueous compositions comprising the enzymes in soluble

form, along with other components such as salts, buffers, co-factors, etc.

These compositions can include salts and/or buffers in aqueous solution. For instance, the compc
can include 50mM potassium acetate, 20mM Tris-acetate, 10mM magnesium acetate, 100}
recombinant albumin, pH 7.9 (i.e. the composition of the commercial rCutSmart™ buffer).

alternative, the composition can include 50mM Tris-HCI, 10mM MgCl,, 100mM NaCl, 100}
recombinant albumin, pH 7.9 (i.e. the composition of the commercial NEBuffer™ r3.1 produc

is measured at 25°C.

The compositions can include cfDNA, in particular when being used for digestion. As discussed ¢
in some compositions HinP11I is present at 10-450 units per ug cfDNA, and Acil is present at 2.
units per ug cfDNA e.g. with a ratio of 4.5 units HinP1I per unit of Acil. In other embodiments, F
can be used at 500-2500 units per pg cfDNA, and Acil can be used at 100-500 units per ug cfDN
with a ratio between 4.4-4.6 units (such as 4.5 units) HinP1I per unit of Acil. In terms of sc
concentration, HinP1I can be present at 35-45 units/ml, and Acil can be present at 5-15 uni
cfDNA e.g. with a ratio of 4.5 units HinP1I per unit of Acil.

One useful composition of the invention thus comprises HinP1I and Acil (e.g. with an exc
HinP1I, as described herein), potassium acetate, Tris-acetate, magnesium acetate, albumin, pH 7
(and, optionally, cfDNA to be digested). For instance, the composition may comprise from 4-:
HinP1I, from 0.5-1.5 units Acil, S0mM potassium acetate, 20mM Tris-acetate, 10mM magn
acetate, 100pg/mL albumin, pH 7.9, and cfDNA.

The restriction enzymes in the compositions are preferably present in enzymatically active fo
this permits their use to digest cfDNA. After digestion, however, the compositions can be heate
to 65°C) to inactivate the enzymes, and so in some embodiments the restriction enzymes are p

in heat-inactivated form.

In some embodiments, the compositions can also include PCR reagents e.g. suitable buff
components (if required in addition to buffer/salt which persist after digestion), a DNA polyr

(such as a Taq polymerase), dNTPs, primers, probes, etc.
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In some embodiments, the compositions can also include sequencing reagents e.g. one or m
sequencing adapters, DNA ligase (such as T4 ligase), Klenow fragment of DNA polymerast
A-tailing enzyme (such as Taq polymerase), a blunt-ending polymerase (such as T4 DNA polymx

a kinase (such as T4 polynucleotide kinase), efc.
In some embodiments, the compositions can also include control DNA, as discussed below.

As noted above, when a composition includes HinP1I and Acil then HinP1I is ideally presen
excess (measured in terms of enzymatic units) to Acil, and ideally an excess of at least 1.2:1

least 1.5:1, at least 1.75:1, at least 2:1, at least 3:1, at least 4:1, or at least 5:1. A ratio of at least
often useful e.g. when the intention is to analyse human cfDNA, and a ratio of about 4.5:1 ha:

found to be useful when digesting human cfDNA from plasma.

Preferred compositions do not include restriction enzyme isoschizomers, where one ei
recognizes both the methylated and unmethylated forms of a restriction site and another reco;

only one of these forms.

Preferred compositions do not include a mixture of restriction enzymes in which at least one ei
has a recognition sequence which includes a CpG but which is neither a MSRE or a MDRE
enzyme which digests regardless of the CpG methylation status.

Downstream amplification

After digestion, methods disclosed herein may include a step of amplification (e.g. PCR) perf
on the digested cfDNA. Typically this amplification will be targeted to one or (preferably) mo:
of interest e.g. loci containing CpG sites whose methylation status is known or expected
associated with a particular biological state (e.g. with a cancer of interest). Thus upstreai
downstream primers are used which flank the CpG site of interest, and the intervening CpG-cont
sequence will be amplified if it has not been digested by restriction enzymes. The resulting amp
can then be detected e.g. using a labelled probe which is complementary to a sub-sequence witt

amplicons of interest.

Methods may therefore include a step of adding PCR reagents after digestion e.g. suitable buff
components (if required in addition to buffer/salt remaining from digestion), a DNA polymerase
as a Taq polymerase), dNTPs, primers and (optionally) probes. As an alternative, one or more of
components may be present during digestion e.g. it is possible to use a hot start PCR protocol
that PCR reagents are already present during the digestion step but they do not become active ur

reaction mixture is heated (e.g. during heat inactivation of the restriction enzymes).

Restriction digestion typically takes place in the presence of high levels of Mg*™. PCR usually
on Mg**, so standard PCR buffers include Mg**. In this situation, however, addition of a standar:
buffer can lead to an excess of Mg** which can inhibit efficiency of amplification. Thus addec

reagents may include a lower level of Mg** than would normally be the case.

Where PCR primers and probes are present during MSRE digestion, they should be designed ¢

their sequences do not include the recognition site for the MSRE(s) which is/are being used.
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Amplification and detection of amplicons may be carried out by conventional PCR using fluoresc
labeled primers followed by capillary electrophoresis of amplification products. In some embodi
following amplification the amplification products are separated by capillary electrophores:
fluorescent signals are quantified. An electropherogram plotting the change in fluorescent signa
function of size (bp) or time from injection may be generated, wherein each peak i
electropherogram corresponds to the amplification product of a single locus. The peak'’s

(provided for example using "relative fluorescent units", rFU) may represent the intensity of the
from the amplified locus. Computer software may be used to detect peaks and calcula
fluorescence intensities (peak heights) of a set of loci whose amplification products were run

capillary electrophoresis machine, and subsequently the ratios between the signal intensities.

A preferred PCR technique is real-time PCR (also known as qPCR), in which simulte
amplification and detection of the amplification products are performed. Real-time PCR can b
with non-specific detection or sequence-specific detection. Non-specific detection (e.g. u:
dsDNA-binding dye, such as SYBR Green) can be used within the methods disclosed herein,
not ideal if it is desired to distinguish between multiple different amplicons in the same reaction
it is more typical to use sequence-specific detection, and methods and compositions may use a la
oligonucleotide probe (usually with a fluorophore and fluorescence quencher on the same probe
the TagMan system) which is complementary to a specific sequence within nucleic acid ampli
of interest. Different probes for amplicons derived from different target CpGs can be labellex

different fluorophores so that multiple different amplicons can be distinguished.

Real-time PCR may thus be achieved by using a hydrolysis probe based on combined report
quencher molecules. In such assays, oligonucleotide probes have a fluorescent moiety (fluoro;
attached to their 5' end and a quencher attached to the 3' end. During PCR amplificatio
polynucleotide probes selectively hybridize to their target sequences on the template, and

polymerase replicates the template it also cleaves the polynucleotide probes due to the polyme
5'-nuclease activity. When the polynucleotide probes are intact, the close proximity betwex
quencher and the fluorescent moiety normally results in a low level of background fluorescence.
the polynucleotide probes are cleaved, the quencher is decoupled from the fluorescent moiety, res
in an increase of intensity of fluorescence. The fluorescent signal correlates with the amo

amplification products, i.e. the signal increases as the amplification products accumulate.

Suitable fluorophores include, but are not limited to, fluorescein, FAM, lissamine, phycoer
rhodamine, Cy2, Cy3, Cy3.5, Cy5, Cy5.5, Cy7, FluorX, JOE, HEX, NED, VIC and ROX. St
fluorophore/quencher pairs are known in the art, including but not limited to: FAM-TAMRA,
BHQI1, Yakima Yellow-BHQ1, ATTO550-BHQ2 and ROX-BHQ?2.

Fluorescence may be monitored during each PCR cycle, providing an amplification plot showi
change of fluorescent signals from the probe(s) as a function of cycle number. In the context o

time PCR, the following terminology is used:
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"Quantification cycle" ("Cq") refers to the cycle number in which fluorescence increases
a threshold, set automatically by software or manually by the user. In some embodiments, the thr
may be constant for each CpG locus of interest and may be set in advance, prior to carrying ¢
amplification and detection. In other embodiments, the threshold may be defined separately fo
CpG locus after the run, based on the maximum fluorescence level detected for this locus duri

amplification cycles.

"Threshold" refers to a value of fluorescence used for Cq determination. In some embodii
the threshold value may be a value above baseline fluorescence, and/or above background nois

within the exponential growth phase of the amplification plot.
"Baseline" refers to the initial cycles of PCR where there is little to no change in fluores

Computer software is readily available for analysing amplification plots and determining ba:
threshold and Cq.

Where a CpG site has not been digested, and is thus amplified in subsequent PCR, relatively I¢
values are seen because detectable amplification products accumulate after a relatively small m
of amplification cycles. Conversely, if amplicons are present at lower levels (e.g. because somx

loci of interest were digested) then fewer amplicons are seen, and the Cq value is higher.

These results can thus indicate, for any given CpG site, the proportion of cfDNA molecules in a s
which were methylated/unmethylated at that CpG site. These figures can be expressed as a perce

a fraction, a normalised value, erc.

Primers may vary in length, depending on the particular assay format and the particular needs. Ir
embodiments, the primers may be at least 15 nucleotides long, such as between 15-25 nucleoti

18-25 nucleotides long. The primers may be adapted to be suited to a chosen amplification syst

Primers may be designed to generate amplicons between 60-150 bp long (when the relevant CpG

is/are intact) e.g. between 70-140 bp long.

Oligonucleotide probes may vary in length. In some embodiments, the probes may include be

15-30 nucleotides, from 20-30 nucleotides, or from 25-30 nucleotides.

The oligonucleotide probes may be designed to bind to either strand of the double-stranded ampl!
Additional considerations include the melting temperature of the probes, which should prefera

comparable to that of the primers.

Where multiple CpG sites are analysed in parallel, with simultaneous amplification of more th:
target in the same reaction mixture (co-amplification) using different primer pairs for each CpG
interest, these different primers may be designed such that they can work at the same ann
temperature during amplification. Thus primers with similar melting temperature (Tm) can be de:

e.g. within + 3°-5°C of each other. Similar considerations apply where multiple probes are used

Computer software is readily available for routine designing of primers and probes which me

various requirements of any particular experiment.
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Downstream sequencing

After digestion, methods disclosed herein may include a step of DNA sequencing, such as a step
next-generation sequencing (‘NGS’) techniques (also known as high-throughput sequencing).
generally involves three basic steps: library preparation; sequencing; and data processing. Exa
of NGS techniques include sequencing-by-synthesis and sequencing-by-ligation (employe
example, by lllumina Inc., Life Technologies Inc., PacBio, and Roche), nanopore sequencing mi
and electronic detection-based methods such as Ion Torrent™ technology (Life Technologies
NGS may be performed using various high-throughput sequencing instruments and plat
including but not limited to: Novaseq™, Nextseq™ and MiSeq™ (Illumina), 454 Sequencing (R
Ion Chef™ (ThermoFisher), SOLiD® (ThermoFisher) and Sequel II™ (Pacific Bioscie
Appropriate platform-designed sequencing adapters are used for preparing the sequencing librar

are readily available from the platforms’ manufacturers.

Library preparation for the major high-throughput sequencing platforms involves ligation of sj
adapter oligonucleotides, also termed “sequencing adapters”, to the DNA fragments to be sequ
Sequencing adapters typically include platform-specific sequences for fragment recognition
particular sequencer e.g. sequences that enable ligated molecules to bind to the flow cells of Il
platforms (e.g. the P5 and P7 sequences). Each sequencing instrument provider typically sells a sg

set of sequences for this purpose. Further details of library preparation are discussed below.

Sequencing adapters can include sites for binding to a universal set of PCR primers. This p
multiple adapter-ligated DNA molecules to be amplified in parallel by PCR, using a single

primers.

Sequencing adapters can include sample indices, which are sequences that enable multiple sam
be combined, and then sequenced together (i.e. multiplexed) on the same instrument flow cell o
Each sample index, typically 6—10 nucleotides, is specific to a given sample and is us
de-multiplexing during downstream data analysis to assign individual sequence reads to the ¢
sample. Sequencing adapters may contain single or dual sample indexes depending on the num

libraries combined and the level of accuracy desired.

Sequencing adapters can include unique molecular identifiers (UMIs) to provide molecular tra
error correction and increased accuracy during sequencing. UMIs are short sequences, typicall
20 bases in length, used to uniquely identify original molecules in a sample library. As each n
acid in the starting material is tagged to provide a unique molecular barcode, bioinformatics so
can filter out duplicate reads and PCR errors with a high level of accuracy and report unique

removing the identified errors before final data analysis.
In some embodiments, sequencing adapters include both a sample barcode sequence and a UMI
In some embodiments, sequencing adapters allow for paired-end sequencing.

In some embodiments, the compositions and methods disclosed herein use Y-shaped sequ
adapters i.e. adapters consisting of two single-stranded oligonucleotides which anneal to pro
double-stranded stem and two single-stranded ‘arms’. In other embodiments, the compositiot
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methods disclosed herein use hairpin sequencing adapters i.e. a single-stranded oligonucleotide
5" and 3' termini anneal to provide a double-stranded stem. For both Y-shaped and hairpin adapt
double-stranded stem can include a short single-stranded overhang e.g. a single A or T nucleotic
both Y-shaped and hairpin adapters the double-stranded stem can be ligated to a cfDNA fragm

prepare a sequencing library.

Suitable sequencing adapters for use in the compositions and methods disclosed herein may tl
TruSeq™ or AmpliSeq™ or TruSight™ adapters (for use on the Illumina platform) or SMRT

adapters (for use on the PacBio platform).

Where sequencing adapters are added by ligation, this usually occurs at both ends of the DNA

sequenced.

Restriction digestion can leave blunt-ends, but typically produces a single-stranded overhang. L
preparation steps can either preserve this overhang (i.e. add complementary nucleotides) or rem
As the sequence of a post-digestion terminal single-stranded overhang can include useful inforr
then it is preferred to add sequencing adapters in a way which preserves the overhang e.g.
enzymatic ligation in which a ligase enzyme covalently links a sequencing adapter to a DNA fra
where the terminal sequence of the adapter is complementary to the terminal sequence obtained
the restriction enzyme, or by using a polymerase to add complementary nucleotides and gene

blunt-ended fragment.

In addition to removing or filling in single-strand overhangs, end repair methods carried out |

adapter ligation can ensure that DNA molecules contain 5' phosphate and 3' hydroxyl groups.

For some libraries, incorporation of a non-templated deoxyadenosine 5'-monophosphate (dAMF
the 3' end of blunted DNA fragments is used in library preparation (a process known as dA-ta
dA-tails prevent concatemer formation during downstream ligation steps and enable DNA frag

to be ligated to adapter oligonucleotides with complementary dT-overhangs.

As noted above, restriction digestion typically takes place in the presence of high levels of
Sequencing library preparation may also rely on Mg**, so standard library prep buffers include
In this situation, however, addition of a standard library prep buffer can lead to an excess of
which can inhibit efficiency of downstream steps. Thus added reagents may include a lower le

Mg*™ than would normally be the case for library preparation.

As an alternative approach to using lower levels of Mg**, it is possible to add a chelating agen
digestion, which can remove the need for removal or dilution of excess Mg** for downs
amplification step(s). It has been found that the addition of a chelating agent at the concent
disclosed herein impairs neither such amplification step(s) nor subsequent sequencing. The che
agent can be added to provide an amplification reaction mix comprising the chelating agent
divalent cation at a molar ratio of between 1:20 to 2:1. For instance, the reaction mix may i1
8-20 mM Mg** e.g. about 10 mM magnesium. For instance, amplification may be carried ot
reaction mix comprising between 3-4 mM chelating agent and 4 mM Mg*™". The chelating ager
comprise one or both of EDTA and EGTA.
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After library preparation, the prepared DNA molecules can be sequenced, to provide a plura
“sequence reads”. These sequence reads are then subjected to data processing e.g. to remove seqt
which do not fulfil desired quality criteria, to remove duplicates, to correct sequencing errors, t
sequences onto a reference genome, to count the number of sequence reads, etc. Computer softv

readily available for performing these steps.

Any particular CpG site can feature in multiple sequence reads, which can be sequence reads d
from the same original cfDNA molecule and/or from different cfDNA molecules which span the
CpG site. Sequencing is suitably performed such that CpG site(s) of interest is/are seen in at lea
sequence reads e.g. in at least 200, 300, 400, 500, 600, 700 or more sequence reads. The num
sequence reads that span a particular genomic locus (e.g. a particular CpG site) is referred
sequencing “depth” or “coverage”. The average number of sequence reads that span a par
genomic locus (e.g. a particular CpG site) is referred to as the average sequencing “dep
“coverage”. The term “average” refers to the arithmetic mean. Thus, the average depth ¢
calculated by dividing the sum of nucleotides in sequence reads which map to the human geno

the length of the (haploid) human genome.

Higher sequencing depth increases accuracy by allowing signal to be better distinguished from
This is because high-throughput DNA sequencing is error prone (with approximately 0.1-10%
called bases being incorrect), so sequence reads mapped to a particular locus will often c
(apparent) mutations compared to the reference sequence at that site and/or the other reads map
that site.

High depth is useful for determining whether differences in the sequence reads with respect
reference sequence reflect the underlying sequence of the sample DNA (signal) or are due to
during sequencing (noise). High depth therefore aids in drawing meaningful conclusions
sequencing data, particularly regarding the presence of rare signals, such as those that result from
DNA. Methylated cfDNA molecules from a tumor may be present in blood plasma at amounts
order of <1% of the total cfDNA. Bisulfite sequencing does not provide sufficient depth across :
enough number of genomic sites to reliably detect these rare signals. In contrast, the methods
invention interrogate CpG sites in the whole human genome with very high average depths, so all

the detection of these rare signals.

Sequence reads can be mapped to a reference genome i.e. a previously identified genome seq
whether partial or complete, assembled as a representative example of a species or subject. A reft
genome is typically haploid, and typically does not represent the genome of a single individual
species but rather is a mosaic of the genomes of several individuals. A reference genome f
methods of the present invention is typically a human reference genome e.g. a complete 1
genome, such as the human genome assemblies available at the website of the National Cen
Biotechnology Information or at the University of California, Santa Cruz, Genome Browss
example of a suitable reference genome for human studies is the ‘hgl8’ genome assembly.

alternative, the more recent GRCh38 major assembly can be used (up to patch p13).
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Mapping aligns sequence reads to the reference genome, to identify the location of the reads witt
reference genome. The sequence reads that align are designated as being “mapped”. The alig
process aims to maximize the possibility for obtaining regions of sequence identity across the v
sequences in the alignment, allowing mismatches, indels and/or clipping of some short fragme
the two ends of the reads. The number of sequence reads mapped to a certain genomic locus is re
to as the “read count” or “copy number” of this genomic locus. It is not necessary to map all sec
reads which are obtained; indeed, it is not unusual that a portion of sequence reads obtained

given experiment will not be mappable.

The term “genomic locus” refers to a specific location within the genome, and may include a
position (a single nucleotide at a defined position in the genome) or a stretch of nucleotides st
and ending at defined positions in the genome. The specific position(s) may be identified 1
molecular location, namely, by the chromosome and the numbers of the starting and ending bas«

on the chromosome. A genomic locus of interest herein contains at least one CpG site.

Where restriction digestion used a MSRE, sequence reads which span a particular CpG site are d
from molecules which were not digested i.e. which (with complete digestion) were methylated

CpG site. The methylation level of this CpG site can be calculated by dividing its read count
expected read count of this site (e.g. the read count which would be expected if it was fully methy
and thus undigested). The expected read count may be determined using, for instance: (i) the read
of a control locus that is not cut by the restriction endonuclease; (ii) the average read count of a ph
such control loci; or (iii) the read count of the same CpG site in an undigested control s:

optionally corrected for sequencing depth differences.

As an alternative, the expected read count for a CpG site may be determined as the sum of th
count at this CpG site (indicating methylation) plus the sum of the read counts whose termini r
this CpG site (indicating non-methylation), taking account where necessary of any end-repair

took place during library preparation.

To avoid double-counting, the non-methylated CpG sites can be taken as sequencing reads wk
ends map to a site, as sequencing reads whose 3' ends map to a site, or as the half of the s
sequencing reads whose 5' ends or 3' ends map to a site. As some library preparation metho«
result in depletion of small fragments, which are then not sequenced (e.g. in CpG islands, w
starting cfDNA molecule is cleaved by a MSRE at more than one unmethylated site, thus provi
or more restriction fragments, some of which are very small), the observed number of unmeth
CpG sites may be lower than the true value in the original sample. This distortion can be som
addressed by using the larger of the number of reads whose 3' ends map to a site and the num

reads whose 5' ends map to a site (or to use the mean).

These calculations can thus provide, for any given CpG site, the proportion of cfDNA moleculs
sample which were methylated at that CpG site. Conversely, similar calculations can provi
proportion of a particular CpG site which were unmethylated. These figures can be expresse

percentage, a fraction, a normalised value, efc.
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One way of expressing coverage of a particular CpG site is referred to as ‘Hitspan100°, which
to the number of sequence reads which span a certain CpG position with at least 50 nucleotide
upstream and downstream. For example, a Hitspan100 of 90 at a specific CpG site means tha

are 90 sequence reads which span this site with at least 50 nucleotides both upstream and downs

Methods disclosed herein do not require differential adapter tagging of methylated vs. unmeth

DNA molecules. The same population of adapters can be used for all molecules.

Controls
Methods disclosed herein can take advantage of positive and negative controls. In some embodir

parallel analysis can be performed on one or more of:

e A DNA control which does not contain a recognition sequence for the restriction enzyme
for digestion. If this DNA is digested, this indicates that the method has not perf

correctly.

e A DNA control which contains a fully methylated recognition sequence for the rest
enzymes used for digestion. If this DNA is digested when a method uses only MSRE

indicates that the method has not performed correctly (and conversely for MDREs).

e A DNA control which contains a fully unmethylated recognition sequence for the rests
enzymes used for digestion. If this DNA is not fully digested when a method uses only M

this indicates that the method has not performed correctly (and conversely for MDRESs).

These DNA controls can also be used as a reference point for analysis, for checking completen
digestion, efc. As mentioned above, for instance, if fragments are obtained using MSRE digestio
it can be useful in a downstream NGS experiment to know the expected read count, and one v
obtaining this value is to look at the read count for DNA which does not contain the recog
sequence for the MSRE, or at the read count for DNA which contains the recognition sequence

fully methylated.

For these purposes, it is preferred that the DNA control should be similar in size and composil
cfDNA molecules which contain CpG sites of interest. Thus, although it is possible to use sy1
DNA or PCR amplicons or bacterial plasmid DNA as an unmethylated control, these are more
if they have sizes which are similar to ¢cfDNA (e.g. a long synthetic DNA, or an appropriately

restriction fragment prepared from a plasmid).

Control experiments can be performed internally in a sample, or externally. For an internal c
control DNA can be present in a sample already (e.g. cfDNA containing a CpG site which is knc
be ubiquitously (un)methylated, or cfDNA which does not contain a recognition sequence f
restriction enzymes being used) and/or can be added (e.g. synthetic DNA, added to cfDNA
control DNA can therefore be processed in combination with the cfDNA, and experiences the
conditions as the cfDNA, and so a method can involve co-amplification of a restriction locus
control locus. For an external control, control DNA is subjected to the same treatment as the ¢

but not as part of the same reaction mixture.
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Thus control DNA, like cfDNA, can be digested with restriction enzymes and then subjec
downstream analytical steps e.g. amplification, DNA sequencing, efc. Real-time PCR of st
control loci can give a result that can be used as a reference point. For instance, the signals ob
from cfDNA at a CpG site of interest and from control DNA (in particular, from control DNA
is not digested by the restriction enzymes being used) can be compared, and the signal ratio «
used to determine the degree of methylation at a CpG site of interest, because the ratio of signal r¢
the ratio of methylation. Thus methods disclosed herein can be performed without requiring eval
of absolute methylation levels at genomic loci, but rather by calculating a signal ratio betwe
analyzed genomic loci and a control. This contrasts with some conventional methods of methy
analysis for distinguishing between tumor-derived and normal DNA, which require determining
methylation levels at specific genomic loci. The methods disclosed herein can thus eliminate the
for standard curves and/or additional laborious steps involved in determination of absolute methy
levels, thereby offering a simple and cost-effective procedure. An additional advantage when us
internal control is that signal ratios are obtained for loci amplified in the same reaction mixture
the same reaction conditions, which can help to eliminate sources of potential error (e.g. the po

for differences between reaction mixtures, such as the concentration of template, enzyme, efc.).

Methods which use gPCR may therefore involve calculating signal intensity ratios between a Cr
co-amplified after digestion of DNA as disclosed herein, thereby providing a methylation status
CpG site. This methylation status can then be compared to reference values (e.g. obtained from h
subjects, or from subjects having a known disease) and, based on the comparison, a diagnostic
can be derived. Thus a method may involve: co-amplifying from restriction endonuclease-di;
DNA a CpG site and a control locus, thereby generating co-amplification products; determi
signal intensity for each generated co-amplification product; and calculating a ratio between the

intensities of the co-amplification products of the CpG site and the control locus.

The ratio between the signal intensities of the co-amplification products may be calculat
determining the quantification cycle (Cq) for each locus and calculating 2(Ca control locus - Cq CpG
other words, the reduction in Cq relative to the control locus is determined, and this value is u

the exponent of 2 to calculate the ratio.

Thus, using qPCR or sequencing, it is possible, based on the degree of digestion at any particula
site, to derive a numerical value which represents the degree of methylation of that CpG sit
cfDNA sample. This value may be expressed in a variety of ways e.g. as a ratio or percentage
cfDNA molecules that are methylated at a CpG site, or as an intensity of a signal obtained f

particular CpG site, or as the ratio between a CpG site and a control locus, etc.

Systems and kits

The invention also provides various systems and Kits.

A system can comprise computer processor(s) for performing and/or controlling the methods dis:
herein, and/or for processing the results e.g., for performing calculations based on the results. M

which are at least partially computer-implemented are provided.
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A system or kit may comprise: a blood, plasma or serum sample of a human subject; compone:
carrying out a method disclosed herein on at least one CpG site; and computer software store
non-transitory computer readable medium, the computer software being able to direct a cor
processor to determine a methylation value for the at least one CpG locus based on the methy
assay. The software may also be able to link the methylation value to a diagnostic result or prec
e.g. by comparing one or more methylation value(s) to one or more reference values to asse
presence of a disease in the subject. The computer software may receive data from a qPCR an

NGS experiment.

Components for carrying out a method disclosed herein encompass biochemical components
enzymes, primers, probes, NTPs, efc.), chemical components (e.g., buffers, reagents), and tec
components (e.g., a PCR system, such as a real-time PCR system, and equipment such as tubes,

plates, pipettes).

The system may be able to prepare and/or communicate a report to the subject and/or to a heal

provider of the subject, based on the methylation values.

Computer software includes processor-executable instructions that are stored on a non-trar
computer readable medium. The computer software may also include stored data. The cor
readable medium is a tangible computer readable medium, such as a compact disc (CD), ma
storage, optical storage, random access memory (RAM), read only memory (ROM), or any

tangible medium.

Computer-related methods and steps described herein are implemented using software stored o:
volatile or non-transitory computer readable instructions that when executed configure or di

computer processor or computer to perform the instructions.

Each of the system, server, computing device, and computer described in this application ¢
implemented on one or more computer systems and be configured to communicate over a nel
They all may also be implemented on one single computer system. In one embodiment, the cor
system includes a bus or other communication mechanism for communicating information,

hardware processor coupled with bus for processing information.

A computer system also includes a main memory, such as a random-access memory (RAM) o1
dynamic storage device, coupled to bus for storing information and instructions to be execu
processor. Main memory also may be used for storing temporary variables or other interm
information during execution of instructions to be executed by processor. Such instructions,
stored in non-transitory storage media accessible to processor, render computer system into a sy

purpose machine that is customized to perform the operations specified in the instructions.

A computer system can include read only memory (ROM) or other static storage device coupled
for storing static information and instructions for processor. A storage device, such as a magneti

or optical disk, is provided and coupled to bus for storing information and instructions.

A computer system may be coupled via bus to a display, for displaying information to a compute
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An input device, including alphanumeric and other keys, can be coupled to bus for communi
information and command selections to processor. Another type of user input device is cursor c«
such as a mouse, a trackball, or cursor direction keys for communicating direction informatic

command selections to processor and for controlling cursor movement on display.

Methods disclosed herein may be performed by a computer system in response to the pro
executing one or more sequences of one or more instructions contained in main memory.
instructions may be read into main memory from another storage medium, such as storage d
Execution of the sequences of instructions contained in main memory causes the processor to pe
the process steps described herein. In alternative embodiments, hard-wired circuitry may be u

place of or in combination with software instructions.

Suitable storage media include any non-transitory media that store data and/or instructions that
a machine to operation in a specific fashion. Common forms of storage media include, for exan
floppy disk, a flexible disk, hard disk, solid state drive, magnetic tape, or any other magneti
storage medium, a CD-ROM, any other optical data storage medium, any physical mediun
patterns of holes, a RAM, a PROM, and EPROM, a FLASH-EPROM, NVRAM, any other m

chip or cartridge.

Storage media are distinct from, but may be used in conjunction with, transmission 1
Transmission media participates in transferring information between storage media. For ex:
transmission media includes coaxial cables, copper wire and fiber optics, including the wire

comprise bus.

The invention also provides a kit comprising: (i) a composition comprising a plurality of resti
enzymes, as discussed above; and (ii) components for analysing cfDNA which has been digeste
the composition. These components may be e.g. components for performing PCR, or for prepz
sequencing library from digested cfDNA. For instance, the kit may include one or more of: (a) a
solution e.g. with 50mM potassium acetate, 20mM Tris-acetate, 10mM magnesium acetate, 100
recombinant albumin, pH 7.9, or with 50mM Tris-HCI, 10mM MgCl,, 100mM NaCl, 100;
recombinant albumin, pH 7.9; (b) a DNA polymerase, dNTPs, primers and, optionally, one o1
probes; (c) sequencing adapters; (d) an enzyme solution, including a DNA ligase and/or a
polymerase; and/or (e) control DNA Further details of these components (a) to (e) are disc

elsewhere herein.
A kit may include an instruction manual for carrying out the methods as disclosed herein.

A kit may include a non-transitory computer readable medium storing a computer software comg
instructions that when executed configure or direct a computer processor to perform the methoc

disclosed herein.

Disclaimers
In some instances, the disclosure of W02022/107145 (PCT/IL2021/051382) is excluded.
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In some embodiments, compositions and methods disclosed herein do not use a mixture of ¢

from 50-60 people.

In some embodiments, compositions and methods disclosed herein do not use between 760-81C
cfDNA (in particular, between 760-810 ng of cfDNA from healthy patients).

In some embodiments, compositions and methods disclosed herein do not use 26 ng or 94 ng of ¢

from treatment-naive non-small cell lung cancer patients.

In some embodiments, compositions and methods disclosed herein do not use from 25-95 ng of ¢

from treatment-naive non-small cell lung cancer patients.

In some embodiments, compositions and methods disclosed herein do not use a panel consistin
CpG sites located in the hg18 human genome assembly at positions chr1-11397653, chr17-173¢
chr17-71690026, chr3-121760779, chr12-49705230, chr1-8120128, chr2-39309230, and
84283776 (as disclosed in Table 4 of PCT/IL2021/051382).

In some embodiments, compositions and methods disclosed herein do not use a mixture of 1(
HinP1I and 5 units Acil.

In some embodiments, compositions and methods disclosed herein do not use a 2:1 activity r:
HinP1I:Acil.

General

The practice of the present invention will employ, unless otherwise indicated, conventional mi
of chemistry, biochemistry, and molecular biology, within the skill of the art. Such techniqu
explained fully in the literature. See, e.g., Methods In Enzymology (Academic Press, Inc.), Gr
Sambrook (2012) Molecular Cloning: A Laboratory Manual, 4th edition (Cold Spring Harbor 1
Ausubel ef al. (eds) Short protocols in molecular biology, 5th edition (Current Protocols), Mol
Biology Techniques: An Intensive Laboratory Course, (Ream & Field, eds., 1998, Academic ]
Wilson and Walker's Principles and Techniques of Biochemistry and Molecular Biology (Hodm
Clokie, 2018), Basic Molecular Biology & Techniques - Recent Advances: Molecular Biology
Technique (Singh et al., 2021), etc.

The term “comprising” encompasses “including” as well as “consisting” e.g. a compc

“comprising” X may consist exclusively of X or may include something additional e.g. X + Y.
The term “about” in relation to a numerical value x is optional and means, for example, x+10%.

The word “substantially” does not exclude “completely” e.g. a composition which is “substa
free” from Y may be completely free from Y. Where necessary, the word “substantially”

omitted from the definition of the invention.

The term “between” with reference to two values includes those two values e.g. the range “bet

10 mg and 20 mg encompasses inter alia 10, 15, and 20 mg.

Unless specifically stated, a method comprising a step of mixing two or more components do

require any specific order of mixing. Thus components can be mixed in any order. Where the
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three components then two components can be combined with each other, and then the combi

may be combined with the third component, etc.

The various steps of methods may be carried out at the same or different times, in the same or dif

geographical locations, e.g. countries, and by the same or different people or entities.

EXAMPLES
The human genome sequence was analysed for the presence of the recognition sequences of v
MSRE and MDRE. The proportion of total CpG sites in the genome (around 28 million) wt

accessible to various different MSRE and MDRE is represented in Table 1 and is as follows:
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Table 1
MSRE CpG coverage MDRE CpG coverag
Acil / Ssil 14.56% Mspll 79.65%
Hpall / HapIl 8.14% McrBC 56%
HpyCH41V / HpySES5261 /
Maell / Tail 7.63% FspEI 28%
HinP11/ Hhal / Cfol / AspLEI | 5.87% LpnPI 8.14%
BstUT/ Accll / Bsh12361 4.97%
Aval 3.54%
BsaAl 2.46%
BmgBI 0.95%
Acll 0.58%
SnaBI 0.45%
BstBI 0.37%
Zral 0.25%
Pvul 0.09%
Haell 391%
MIul 0.15%
Pmil 1.97%

CpG coverage increases when combinations of enzymes are used, and these combinations can p:

a recognition site in more than 99% of CpG islands in the human genome, as shown in Table 2:

Table 2

Combination CpG coverage CpG island cover
HpyCHA4IV 8% 63%
HinP1I / Hhal / Cfol / AspLEI 6% 94%
Hpall / HapIl / Mspl 8% 95%
Acil / Ssil 15% 98%
Aval 3.5% 79%
BstUI / Accll / Bsh12361 5% 91.84%
Hhal + Hpall 14% 98%
Hhal + BstUI 9% 96.94%
Hhal + HinP1I 6% 94%
HinP1I + Aval 10% 96%
HinP1I + Hpall 14% 98%
Hpall + Acil 22% 99%
HpyCH4IV + Acil 22% 99%
HinP1I + Acil 20% 99.24%
Hpall + Cfol 14% 98.51%
Hpall + HpyCH41V 16% 97.76%
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BstUT + MIul 5% 91.84%
BstUT + Hpall 13% 98.44%
Hpall + PmlI 9% 96.28%
Hhal + Bsh12361 9% 96.94%
AcclI + Hpall 13% 98.44%
Accll + HpyCH4IV* <13%

HinP1I + Acil + Hpall 29% 99.57%
Hpall + BstUI + HinP1T* <19%

HinP1I + Acil + McrBC 59% 99.99%
HinP1I + Acil + Mspll 85% 100%
BstUI + Hhal + Hpall* <19%

Accll + Hpall + HpyCH4IV* <21%

Bsh12361 + Hpall + HinP1I* <19%

HinP1I + Acil + Hpall + HpyCH41V 36% 99.74%
HinP1I + Acil + Hpall + HpyCH4IV + BstUI 38% 99.77%
HinP1I + Acil + Hpall + HpyCHA4IV + Aval 38% 99.78%
HinP1I + Hpall + Acil + BstUI + Hhal* <34%

Hpall + HinP1I + Acil + HpyCH41V 36% 99.74%
Mspll 80% 99.99%
MsplJI + FspEI 84% 100%
MspJI + HinP1I + Acil 85% 100%
MsplI + FspEI + HinP1I + Acil 88% 100%
MsplI + FspEI + HinP11I + Acil + HpyCH4IV 89% 100%

* Enzyme combinations denoted with (*) represent enzyme combinations in which the CpG cov
has been calculated based on the sum of the number of recognition sequences that exist with
human genome (hg18 genomic build) for each enzyme. In instances where the recognition seg
of one enzyme overlaps with the recognition sequence of another enzyme, and the same CpG
encompassed by each recognition sequence, an overestimation of the CpG coverage is calculate
calculated CpG coverage for such enzyme combinations represents the maximal CpG coverage (
there is no overlap between recognition sequences across the whole human genome). Maxima
coverage is indicated by “<” in Table 2 above, e.g. “<13%”. For enzyme combinations that a
denoted with (*), the overlap in recognition sequence has been taken into account when calculati
CpG coverage / CpG island coverage and therefore the relevant values in Table 2 above represe

absolute CpG coverage / CpG island coverage values.

The methylation status of multiple sites within a single CpG island tends to be the same (referre
co-methylation). Thus a single target site in a CpG island can be enough to get a picture of the
island’s methylation status. The pairing of just two enzymes, HinP1I + Acil, provides >99% co’
of CpG islands with minimal complexity in the reaction mixture and rapid digestion. The sam
levels of coverage are provided when using other MSREs which have the same recognition seqt

(e.g. Hhal, AspLEI or Cfol in place of HinP1I and/or Ssil in place of Acil), but the pre
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combination of Acil and HinP1I offers the advantage that both enzymes can be completely inact
by heating to 65°C, whereas Hhal and AspLEI are insensitive to heat inactivation. In addition
Acil and HinP1I use the same optimal buffer for 100% activity, whereas the suppliers’ recomm
optimal reaction buffers for each of Ssil, AspLEI and Cfol are different, making it more diffis
tailor the digestion conditions for these alternative enzyme combinations without comprot

enzyme activity.

HinP1I and Acil can be completely inactivated by heating to 65°C for 20 minutes, and the img
coverage which comes from adding Hpall or Hpall+HpyCH4IV or Hhal+BstUI+Hpall (as in ¢
known methods) does not justify the downsides which come from requiring 80°C for inacti

Hpall. The same is true for the addition of BstUI, which cannot even be heat-inactivated.

HinP1I and Acil were individually used for human cfDNA digestion, followed by qPCR for v
loci. To obtain comparable ACq values for each enzyme, it was necessary to use more units of H
It is possible that this is because Acil cuts the human genome more frequently than HinP1I,
single cut is enough to prevent PCR amplification. Within a mixture of HinP1I + Acil, better
were found when using an excess (in enzyme units) of HinP1I, with an excess between 4-fo
6-fold being most useful, and a 4.5-fold excess providing the best results (in terms of ACq for a v

of different loci vs. a control locus).

The HinP1I + Acil pairing, with an excess of HinP1I, has been used to digest human plasma-d
cfDNA prepared and pooled from about 60 subjects. The purified cfDNA was mixed with the en:
and incubated at 37°C for 2 hours, then inactivated at 65°C for 20 minutes. 2 hours was long e
to achieve complete digestion (except when blood was collected in BCT from Streck, in whic

longer periods were typically needed to achieve complete digestion).

A useful digestion mix is prepared by mixing 11 pL rCutSmart™ buffer (10x strength), 4.5 uL }
(10,000 units/mL), 1 uL Acil (10,000 units/mL), and 93.5 uL. ¢fDNA solution (containir
complete cfDNA extracted from a single blood collection tube). Digestion at 37°C for 2
followed by heating at 65°C for 20 minutes, provides good results.

The digested cfDNA was used to prepare a sequencing library using NEBNext Ultra DNA L
Prep Kit. The sequencing library was prepared while preserving the information at the ends
DNA molecules, by adding Illumina platform sequencing adapters using enzymatic ligatior
libraries were subjected to whole-genome NGS using [llumina NovaSeq 6000 sequencing pl:
with a S4 flow cell. The sequence reads from each sample were mapped against the complete 1
genome (hgl8 genomic build). From over 18x10° sequencing reads, 98.4% were mapped

reference genome.

Any enzyme with a recognition sequence that is longer than but encompasses the recognition seq
of any of the enzymes listed in Table 1 or Table 2, will inherently have a lower genome-wid¢
coverage / CpG island coverage than the relevant enzyme. The greater the recognition seque
length, the less likely it will appear in the genome, because a recognition sequence that is more

nucleobases in length is statistically less likely to appear in the genome than a recognition sec
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that is 4 nucleobases in length. Thus, combinations of enzymes with a recognition sequence
longer than but encompasses the recognition sequence of Acil or HinP1I can have a high CpG co
/ CpG island coverage, but this will not be as high as achieved using the preferred combination ¢
and HinP1I. A list of MSRE / MDRE which have a recognition sequence that encompass
recognition sequence of Acil (CCGC) or HinP1I (GCGC) is provided in Tables 3A an

respectively, below.

Table 3A — MSRE / MDRE which have a recognition sequence that encompasses the recog
sequence of Acil (CCGC).

Name Recognition sequence
BsrBI / Mbil CCGCTC
Notl GCGGCCGC
Sacll / Cfr421 / SgrBI | CCGCGG

Table 3B — MSRE / MDRE which have a recognition sequence that encompasses the recog
sequence of HinP1I (GCGC).

Name Recognition sequence

Afel / AorS1HI AGCGCT

Ascl GGCGCGCC
BssHII / Paul GCGCGC

Haell RGCGCY
Eco471Il AGCGCT

Ehel GGCGCC

FspAl TGCGCA

Glal G"CG™C

Kasl GCGCGC

Mtel G"CG"CNG™CGC
Narl GGCGCC

Nsbl TGCGCA

PluTI GGCGCC

Sfol GGCGCC

Sgsl GGCGCGCC

The CpG coverage and CpG island coverage for each of the enzymes listed in Tables 3A and Tal

is lower than for Acil and HinP1I, respectively.

It will be understood that the inventors’ work has been described above by way of example on

modifications may be made while remaining within the scope and spirit of the invention.
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CLAIMS

1.

10.

11.

A method for digesting cfDNA using a combination of restriction enzymes consisting of F
and Acil, wherein the method comprises steps of: (i) digesting the cfDNA with the rest
enzymes; and (ii) inactivating the restriction enzymes by heating for longer than 15 mi

wherein the restriction enzymes are completely inactivated by the heating.

A method for digesting cfDNA using a combination of restriction enzymes consisting of F
and Acil, wherein the method comprises steps of: (i) providing a blood sample contained w
collection tube that includes an anticoagulant and an agent to inhibit genomic DNA from
blood cells in the sample being released into the plasma component of the blood s:
(i) preparing plasma from the blood sample; and (iii) digesting the plasma cfDNA wi

restriction enzymes for at least 2 hours.

A method for analysing cfDNA, wherein the method comprises steps of: (i) digesting the ¢
using a combination of restriction enzymes consisting of HinP1I and Acil, to provide di;
cfDNA; and (ii) sequencing of the digested cfDNA.

A method for digesting cfDNA using a combination of restriction enzymes comprising HinP
Acil, wherein the method comprises steps of: (i) digesting the cfDNA with the restriction en:
for 11 hours or less; and (ii) inactivating the restriction enzymes by heating, wherein the resti

enzymes are completely inactivated by the heating.

A method for analysing cfDNA, wherein the method comprises steps of: (i) digesting the ¢
for 11 hours or less using a combination of restriction enzymes comprising HinP1I and A
provide digested cfDNA; (ii) completely inactivating the restriction enzymes; and (iii) perfo
real time PCR on the digested cfDNA.

The method of claim 4 or claim 5, wherein the combination of restriction enzymes cons
HinP1I and Acil.

A composition comprising HinP11I and Acil as the only two restriction enzymes in the compo

A composition comprising HinP1I and Acil, wherein the ratio of activity of HinP1I to Aci
least 1.2:1.

A composition comprising a plurality of restriction enzymes, wherein the plurality cons:
MSRE and/or MDRE, wherein (i) at least two different restriction enzymes in the plurality
different recognition sequences, and (ii) the restriction enzymes can be completely inactiva
heating to 65°C.

The composition of claim 9, comprising a plurality of MSREs wherein (i) at least two dif
MSRE:s in the plurality have different recognition sequences, and (ii) the plurality of MSRI
be completely inactivated by heating to 65°C.

The composition of any one of claims 7-10, including at least one salt and/or at least one t
for instance, including (i) SOmM potassium acetate, 20mM Tris-acetate, 10mM magn
acetate, 100pg/mL recombinant albumin, pH 7.9 or (ii) 50mM Tris-HCI, 10mM MgCl,, 1(
NaCl, 100pug/mL recombinant albumin, pH 7.9.
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12.
13.
14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.
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The composition of any one of claims 7-11, including cfDNA.
The composition of any one of claims 7-12, including PCR reagents and/or sequencing reag

The composition of any one of claims 7-13, wherein: (a) the ratio of HinP1I to Acil is at lea

(b) the composition includes Mg** ions; and/or (c) the pH of the composition is above 7.

A method for analysing cfDNA, comprising digesting the cfDNA by the method of any «
claims 1, 2 or 4, followed by (a) performing real-time PCR on the digested cfDNA
sequencing the digested cfDNA.

A method for assessing methylation status of one or more CpG sites in cfDNA, comy
digesting the cfDNA by the method of any one of claims 1, 2 or 4, followed by quantifying a ¢

of digestion at one or more of the one or more CpG sites.

A method for diagnosing the presence of absence of a cancer in a subject, comprising ass
methylation status of one or more CpG sites in cfDNA from the subject by the method of cla
wherein hypermethylation and/or hypomethylation of the one or more CpG sites is associate

the cancer.

A method for treating or managing a cancer in a subject, comprising diagnosing the prese
cancer in the subject by the method of claim 17, and administering a suitable anti-cancer trez

to the subject.

The method of any one of the preceding method claims, wherein the restriction enzym
inactivated after cfDNA digestion by heating the composition to 65°C for at least 20 mi

wherein the restriction enzymes are completely inactivated by the heating.

The method of any one of the preceding method claims, wherein: (a) the activity ratio of F
to Acil is at least 2:1; (b) the restriction enzymes are provided with a source of Mg** ions «
digestion; (c) digestion occurs at a pH above 7; (d) the cfDNA is human cfDNA; and/or (
amount of cfDNA subjected to digestion is between 10-400 ng.

The composition or method of any preceding claim, wherein cfDNA is human plasma cfDM

The composition or method of any preceding claim, wherein HinP1I is present at an «

(measured in terms of enzymatic units) to Acil of between 2:1 and 5:1.

The composition or method of any preceding claim, wherein HinP1I is replaced with a I
which recognises the same recognition sequence as HinP1I, and/or wherein Acil is replace

a MSRE which recognises the same recognition sequence as Acil.

A composition comprising (i) HinP1I, or a MSRE that recognises the same recognition seq
as HinP1I, and (ii) Acil, or a MSRE that recognises the same recognition sequence as Acil,

only two restriction enzymes in the composition.

The composition of claim 24, wherein (i) the MSRE that recognises the same recognition seq
as HinP1I is Hhal, AspLEI or Cfol nd/or (ii) the MSRE that recognises the same recog

sequence as Acil is Ssil.
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26. A composition comprising (i) any one of Hhal, AspLEI and Cfol and (ii) Ssil as the onl

restriction enzymes in the composition.
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