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DETECTION OF METHYLATED DNA AND DNA MUTATIONS

FIELD OF THE INVENTION

The mvention relates to the field of biotechnology; specifically, to detection of

methylated DNA and DNA mutation.

BACKGROUND OF THE INVENTION

All publications herein are incorporated by reference to the same extent as if each
individual publication or patent application was specifically and individually indicated to
be mcorporated by reference. The following description includes information that may be
useful in understanding the present invention. It is not an admission that any of the
information provided herein is prior art or relevant to the presently claimed invention, or
that any publication specifically or implicitly referenced is prior art.

The field of epigenetics has lagged behind genetics due to the lack of robust assays
to measure DNA methylation. DNA methylation sensitive restriction enzymes were used in
the first attempts to interrogate specific CpG sites for methylation. The use of methylation
sensitive enzymes with Southern blotting or PCR (polymerase chain reaction) allowed the
investigation of a limited number of individual CpG sites that were targets of restriction
enzymes. The field of epigenetics was improved by the advent of DNA methylation using
bisulfite treatment. This induces a primary sequence change in the DNA based on the DNA
methylation status. Unmethylated C is converted to U and then to T by subsequent PCR.
SmC remains unchanged and is read as C by subsequent PCR amplification.

This sequence can be assessed by a number of different methods: direct Sanger
sequencing (bisulfite sequencing), restriction digests (COBRA), methylated-sequence
specific PCR (MSP), sequence specific real time PCR (MethyLight/ quantitative MSP),
nucleotide extension assays (MS-SNuPE), and Pyrosequencing. However, these methods
are labor intensive and do not lend themselves to high throughput assays. Currently, array
based methods to measure DNA methylation of more than one gene do exist, but these
depend upon multiplex bisulfite-PCR or restriction digestion with methylation sensitive
restriction enzymes.

Thus, there is a need in the art for systems and methods to detect DNA methylation

and mutations that do not require the use of PCR or other DNA amplification procedures.
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SUMMARY OF THE INVENTION

Various embodiments provide methods of preparing a nanosensor to detect DNA
methylation, comprising providing a nanosensor, and attaching a probe to the nanosensor,
where the probe is adapted to bind a methylated DNA sequence. In another embodiment,
the nanosensor comprises nanotube and nanowire surfaces. In another embodiment, the
nanosensor 1s an NW/NT sensor. In another embodiment, the probe comprises a
polynucleotide. In another embodiment, the probe is adapted to bind an agent. In another
embodiment, the agent comprises a signal amplifier. In another embodiment, the probe
comprises SEQ. ID. NO.: 1, SEQ. ID. NO.: 2, SEQ. ID. NO.: 3, SEQ. ID. NO.: 4, or a
combination thereof. In another embodiment, the probe may comprise SEQ. ID. NO.: 5,
SEQ. ID. NO.: 6, SEQ. ID. NO.: 7, SEQ. ID. NO.: 8, SEQ. ID. NO.: 9, SEQ. ID. NO.: 10,
SEQ. ID. NO.: 11, SEQ. ID. NO.: 12, SEQ. ID. NO.: 13, or a combination thereof.

Other embodiments provide a nanosensor for detecting defected DNA, comprising a
NW/NT sensor, and a probe bound thereto, where the probe is adapted to bind to a defected
DNA. In another embodiment, the probe is a polynucleotide. In another embodiment, the
polynucleotide comprises a CG rich sequence. In another embodiment, the defected DNA
comprises a methylated nucleotide. In another embodiment, the defected DNA comprises a
point mutation. In another embodiment, the probe and defected DNA are adapted to bind
as complementary polynucleotides.

Other embodiments provide a method of detecting a defected nucleotide in a DNA
sample, comprising providing a nanosensor configured to detectably change when a
defected nucleotide bound to a probe on the nanosensor is itself bound by an agent,
contacting the nanosensor with a sample, and contacting the nanosensor with the agent,
where the nanosensor detectably changes if the sample comprises the defected nucleotide.
In another embodiment, the agent comprises a methyl-CpG binding protein. In another
embodiment, the agent comprises MBD1, MBD2, MBD4 and/or MeCP272. In another
embodiment, the agent comprises an antibody. In another embodiment, the defected
nucleotide comprises a point mutation. In another embodiment, the agent comprises a

DNA repair protein. In another embodiment, the defected nucleotide comprises a

methylated DNA nucleotide.
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Various embodiments also provide a method of diagnosing a disease in an
individual in which the presence or absence of methylation for a plurality of genetic loci is
associated with the disease, comprising using a nanosensor to determine the presence or
absence 1n the individual of the methylation in the plurality of genetic loci, and diagnosing
the individual as having the disease if the individual demonstrates the presence or absence
of the methylation of the plurality of genetic loci. In another embodiment, the disease is
cancer.

Other embodiments provide a method of treating a disease in an individual in which
the presence or absence of methylation for a plurality of genetic loci is associated with the
disease, comprising using a nanosensor to determine the presence or absence in the
individual of the methylation in the plurality of genetic loci, diagnosing the individual as
having the disease if the individual demonstrates the presence or absence of the
methylation of the plurality of genetic loci, and treating the disease, if the individual is
diagnosed as having it. In another embodiment, the disease is cancer.

Other features and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,

which illustrate, by way of example, various embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced figures. It is intended that the
embodiments and figures disclosed herein are to be considered illustrative rather than
restrictive.

Figure 1 depicts, 1in accordance with an embodiment described herein, a design for
detecting simulated methylation status using NW/NT sensors.

Figure 2 depicts, in accordance with an embodiment described herein, a schema of
NT/NW sensor array using methyl-CpG-binding protein (clone MBD?2) to detect DNA
methylation (CH3). Complementary DNA or target sequence 102 will hybridize to the
probe 101 bound to NW/NT 100. MCB 104 will be added, and will specifically bind to
methylated DNA 103, but not non-methylated DNA 102. It is expected that the MBD-
binding will change in conductance in a measurable way.

Figure 3 (prior art) depicts a schematic demonstrating biosulfite treatment of DNA

converts cytosine, but not methylated cytosine, to uracil. During subsequent PCT, uracil is
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converted to thymine and methylated cytosine is still recognized as cytosine and
unmethylated DNA is converted to thymine.

Figure 4 depicts, in accordance with an embodiment described herein, a nanosensor
103 attached to a probe 106 configured to bind a target 107, where there is a change in
conductance when the probe 106 binds to the target 107. In accordance with another
embodiment described herein, there is a change in conductance when an agent 108 interacts
with the target 107 and/or probe 106.

Figure 5 depicts, in accordance with an embodiment described herein, a mutation
detection scheme. First, NW/CNT devices are functionalized with probe DNAs
complementary to the target DNA sequence. The devices are then exposed to the solution
under analysis. Complementary DNAs to the probe DNA, regardless of the existence of
mutation, will be captured by the probe DNA if it exists in the solution. However, addition
of mutation detection protein will differentiate DNA hybrids with and without mutation,
thus generate signal only from a device where the DNA hybrids have point mutation.
Another advantage of using the mutation detection protein is that it carries larger charges

than DNAs, which will result in an enhanced signal.

DETAILED DESCRIPTION

All references cited herein are incorporated by reference in their entirety as though
fully set forth. Unless defined otherwise, technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Singleton et al., Dictionary of Microbiology and Molecular Biology 3rd
ed., J. Wiley & Sons (New York, NY 2001); March, Advanced Organic Chemistry
Reactions, Mechanisms and Structure Sth ed., J. Wiley & Sons (New York, NY 2001); and
Sambrook and Russel, Molecular Cloning: A Laboratory Manual 3rd ed., Cold Spring
Harbor Laboratory Press (Cold Spring Harbor, NY 2001), provide one skilled in the art
with a general guide to many of the terms used in the present application.

One skilled in the art will recognize many methods and materials similar or
equivalent to those described herein, which could be used in the practice of the present
mvention. Indeed, the present invention is in no way limited to the methods and materials

described. For purposes of the present invention, the following terms are defined below.
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As used herein, “MBP” means methyl binding protein. There are various methyl
binding proteins that may be used in accordance with various embodiments described
herein, and include but are not limited to, MBD1, MBD2, MBD4, MeCP272 and the
Kaison protein family.

As used herein, “MBD” means methyl-CpG-binding domain.

As used herein, “NW/NT FET sensor” refers to a novel nanowire/nanotube field
effect transistor sensor. Similarly, “NW/SWNT FET sensor’” refers to a novel
nanowire/single-walled carbon nanotube field effect transistor sensor.

As used herein, a “CG” rich polynucleotide sequence is a nucleotide sequence made
up of a large amount of cytosine and guanine.

As used herein, “MMR?” refers to mismatch repair protein.

Oligonucleotides may be used, in conjunction with various embodiments described
herein, to detect methylation of a gene. For example, oligonucleotides M-p16, M-p16-
Comp, U-pl16 and U-p16-Comp may be used to detect methylation of a p16 gene.
Examples of oligonucleotides M-p16, M-p16-Comp, U-p16 and U-p16-Comp, are
described herein as SEQ. ID. NO.: 1, SEQ. ID. NO.: 2, SEQ. ID. NO.: 3, and SEQ. ID.
NO.: 4, respectively. Similarly, in conjunction with various embodiments described herein,
combinations of methylation sites may be used to quantitate DNA methylation of specific
sites. For example, sequence of the probe attached on NW/NT surface, fully methylated
probe, fully unmethylated probe, partial methylated probe — site 1, partial methylated probe
— site 2, partial methylated probe — site 3, partial methylated probe — site 1,2, partial
methylated probe — site 1,3, and partial methylated probe — site 2,3 are described herein as
SEQ. ID. NO.: 5, SEQ. ID. NO.: 6, SEQ. ID. NO.: 7, SEQ. ID. NO.: 8, SEQ. ID. NO.: 9,
SEQ. ID. NO.: 10, SEQ. ID. NO.: 11, SEQ. ID. NO.: 12, and SEQ. ID. NO.: 13,
respectively.

In conjunction with various embodiments described herein, it may be desirable to
use bisulfite PCR for p16 gene to assess DNA methylation. As used herein, an example of
forward primer, a biotinylated reverse primer, and a sequencing primer, are described as
SEQ. ID. NO.: 14, SEQ. ID. NO. 15, and SEQ. ID. NO.: 16, respectively.

As disclosed herein, the inventors developed a quantitative method for measuring
gene-specific DNA methylation that requires neither bisulfite treatment of DNA nor PCR

(an example of a bisulfite treatment and PCR reaction for measuring DNA methylation is



CA 02701380 2010-03-31

WO 2009/046110 PCT/US2008/0784352

10

15

20

25

30

depicted herein as Figure 3). As depicted in Figure 1 and Figure 2, DNA may be
denatured, endonuclease-restricted and directly hybridized to a nanowire-single-walled
carbon nanotube field effect transistor (NW/SWNT FET sensors). Methyl-CpG Binding
Protein may then be used to bind specifically to methylated DNA that has hybridized to the
NW/SWNT FET sensor device. The binding will directly change the conductance
characteristics of the NW/SWNT FET, thus identifying methylated sequences. The signal
can also be enhanced by binding signal enhancers directly to the Methyl-CpG Binding
Protein. The detection method may also be extended to any defected DNA, including
sequences with an altered based, where DNA repair proteins that have a component that
binds selectively to mismatched regions of duplex DNA may be used in a manner similar to
the Methyl-CpG Binding Protein. Additionally, the nanobiosensor may also be used in
conjunction with a microfluidic device.

In one embodiment, a nanosensor 105 is attached to a probe 106 configured to bind
a target 107, where there is a change in conductance when the probe 106 binds to the target
107. In another embodiment, there is a change in conductance when an agent 108 interacts
with the target 107 and/or probe 106. An example is provided herein as Figure 4.

In one embodiment, the present invention provides a method of direct detection of
methylated polynucleotides by the following steps, or combinations thereof: (1) a probe is
bound to a nanosensor; (2) a methylated target sequence complementary to the probe is
hybridized to the probe; and (3) a Methyl-CpG Binding Protein binds to the methylated
target sequence, thereby enabling direct detection of methylated polynucleotides. In
another embodiment, the binding of the Methyl-CpG Binding Protein results in a detectable
change in conductance of the nanosensor. In another embodiment, the Methyl-CpG
Binding Protein is MBD1, MBD2, MBD4, MeCP272, a Kaison protein, and/or an
engineered methyl binding protein. In another embodiment, the engineered methyl binding
protein 1s genetically engineered methyl binding protein (4xMBD).

In another embodiment, an example depicted by Figure 5, the present invention
provides a method of detecting a mutation in a polynucleotide by the following steps, or
combinations thereof: (1) a probe is bound to a nanosensor, where the probe is adapted to
bind to a targeted mutation sequence; (2) a targeted mutation sequence binds to the probe;
and (3) a DNA repair protein binds to the targeted mutation sequence, thereby enabling the

detection of the targeted mutation sequence. In another embodiment, the binding of the
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DNA repair protein to the targeted mutation sequence results in a detectable change in
conductance of the nanosensor.

In another embodiment, the present invention provides a nanosensor for detecting
detected DNA comprising a nanosensor bound to a probe adapted to bind a target
sequence, wherein the nanosensor can detect when an agent binds the target sequence. In
another embodiment, the defected DNA is a methylated DNA. In another embodiment, the
agent 1s a methyl binding protein. In another embodiment, the agent is an antibody. In
another embodiment, the agent is a DNA repair protein.

In another embodiment, the present invention provides an apparatus for detecting
and/or monitoring a disease and/or condition comprising a nanosensor bound to a plurality
of capture molecules, wherein the plurality of capture molecules may recognize a
molecular signature associated with a disease and/or condition. In another embodiment, the
nanosensor includes a NW/NT FET sensor and/or NW/SWNT FET sensor. In another
embodiment, the capture molecule may be a polynucleotide, polypeptide, antibody;,
aptamer, receptor, ligand, or combinations thereof. In another embodiment, the disease
and/or condition is cancer.

In another embodiment, the present invention provides a method of treating a
disease and/or condition by determining the presence of a molecular signature associated
with a disease and/or condition, and treating the disease and/or condition.

The present invention is also directed to a kit to detect DNA methylation or
mutations. The kit is an assemblage of materials or components, including at least one of
the inventive compositions. Thus, in some embodiments the kit contains a composition
including probes, target sequences and agents that may bind the target sequences, as well as
nanowire and nanotube and nanosensor components as described above.

The exact nature of the components configured in the inventive kit depends on its
intended purpose. For example, some embodiments are configured for the purpose of
detecting DNA methylation. In another embodiment, the kit is configured particularly for
the purpose of detecting defected DNA and/or mutations. In further embodiments, the kit
1s contigured for veterinary applications, treating subjects such as, but not limited to, farm
animals, domestic animals, and laboratory animals.

Instructions for use may be included in the kit. “Instructions for use” typically

include a tangible expression describing the technique to be employed in using the



CA 02701380 2010-03-31

WO 2009/046110 PCT/US2008/0784352

10

15

20

25

30

components of the Kit to effect a desired outcome, such as to detect DNA methylation.
Optionally, the kit also contains other useful components, such as, diluents, buffers,
pharmaceutically acceptable carriers, syringes, catheters, applicators, pipetting or
measuring tools, bandaging materials or other useful paraphernalia as will be readily
recognized by those of skill in the art.

The materials or components assembled in the kit can be provided to the
practitioner stored in any convenient and suitable ways that preserve their operability and
utility. For example the components can be in dissolved, dehydrated, or lyophilized form;
they can be provided at room, refrigerated or frozen temperatures. The components are
typically contained in suitable packaging material(s). As employed herein, the phrase
“packaging material” refers to one or more physical structures used to house the contents of
the Kit, such as inventive compositions and the like. The packaging material is constructed
by well known methods, preferably to provide a sterile, contaminant-free environment. As
used herein, the term “package” refers to a suitable solid matrix or material such as glass,
plastic, paper, foil, and the like, capable of holding the individual kit components. Thus,
for example, a package can be a glass vial used to contain suitable quantities of an
Inventive composition containing probes, targeting sequences, and binding proteins. The
packaging material generally has an external label which indicates the contents and/or

purpose of the kit and/or its components.

EXAMPLES

The tollowing example is provided to better illustrate the claimed invention and are
not to be interpreted as limiting the scope of the invention. To the extent that specific
materials are mentioned, it 1s merely for purposes of illustration and is not intended to limit
the invention. One skilled in the art may develop equivalent means or reactants without the

exercise of inventive capacity and without departing from the scope of the invention.

Example 1

Generally

The 1mventors have developed methods of using nanowire or nanotube based

sensors for the direct detection of methylated DNA nucleotides without the aid of a bisulfite

treatment and PCR amplification. Currently, DNA methylation detection technologies
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require bisulfite treatment and prior PCR amplification. The inventors have developed a

technique that eliminates this preprocessing step and thus allows for the development of a

cost-ettective “lab-on- chip” assay.

5 Example 2

Methylation detection via methyl-binding protein and antibodies
Proteins that specitically bind methylated DNA can also identify DNA methylation.
Antibodies have been developed that specifically bind methylated but not unmethylated
DNA. This antibody has been previously useful for in vitro studies that map SmC
10 distribution in the genome. Alternatively there are naturally occurring DNA methylation
binding proteins that bind specifically to methylated DNA. There are two families of
enzymes that bind DNA methylation in mammals. The first are methyl-binding proteins
(MBP) that contain the methyl-CpG-binding domain (MBD). The members of this protein
family include MBD1, MBD2, MBD4 and MeCP272. The second is the Kaison protein
15  family that also binds CpG methylation. All of these proteins have been shown to repress
transcription in vitro. The inventors have developed a novel method of detecting DNA

methylation via interaction of methylated cytosine in DNA with methyl binding protein.

Example 3

20 Comparing the nanosensing assay for detection of DNA methylation
Several specitic methods have been developed to detect site-specific methylation.
Pyrosequencing is an example of one that is accurate and reliable and it can be a method
against which a nanosensing assay may be compared. NW/SWNT FET technology
described herein may be compared to bisulfite-PCR pyrosequencing.

25
Example 4

Direct detection of methylated DNA
The inventors also used an NW/NT FET sensor to detect assay bisulfite treated
DNA, as well as used Methyl- CpG Binding Protein along with NW/SWNT FET sensor
30  arrays to detect methylated DNA sequences without the need for bisulfite. This novel
approach allows detection and quantitation of DNA methylation without the need for

bisulfite treatment of DNA and the need for PCR. The inventors also may employ NW/NT
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FET sensor array that can allow many advantages over existing technologies for detecting
DNA methylation. These advantages can include the potential for simultaneous detection
of methylation for multiple genes in an array format, allowing a combination of sensitivity,

speed and scale to detect DNA methylation not provided by existing formats.

Example 5

Methyl-binding protein

The genes encoding MBD1, MBD2, MBD3 and MBD4 have been cloned into
pET6H expression vector. The MBD1, MBD2, MBD3 and MBD4 have been previously
described (Hendrich, et al, Mol Cell Biol, 1998 Nov; 18(11): 6538-47). MBD1, MBD2
and MBD4 have been shown to bind methylated DNA in vitro independent of sequence
context. All enzymes show a preference for symmetrically methylated DNA, however
MBD1 and MBD4 also can bind hemimethylated DNA. A genetically engineered poly-
MBD has been developed from MBD1. This genetically engineered protein was
manufactured by multimerizing the methyl binding protein of MBD1. This engineered
methyl-CpG-binding protein (4XxXMBD) has a 55-fold binding affinity to a single methylated
CpG site than wild-type MBD1 (1xMBD). 4XxXMBD has an 81 fold higher binding affinity
tor target DNA that has 3 methylated CpG sites compared to 1xMBD. (Table 1.) This
engineered MBD may be used with the NW/SWNT FET array to detect methylated DNA

using a protein marker.

Example 6

Table 1 — Binding constants for a cloned methyl binding domain (1xMBD) versus an
engineered methyl binding protein that is 4 multimerized MBD (4xMBD) (Jorgensen et al,
Nucleic Acids Research 2006 Aug 7; 34(13): €96).

Table .

Methyl CpG Binding | 1 methyl CpG 2 methyl CpG’s 3 methyl CpG’s
Protein |

4xMBD 0.5 uM 0.05Um 1 0.02 uM
IxMBD | 30 uM 3 uM 2 uM

4x/1x ratio 55 1 59 31

10
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Example 7

Detection of methylated DNA via targeted hybridization of the
sequence of interest using indium oxide nanowire and carbon nanotube sensor
pl6 gene methylation in defined sequences are analyzed. Bisulfite reaction

typically results in conversion of unmethylated C to T, while the methylated C is
unatfected; this is then followed by PCR. The inventors target specific detection of
simulated methyl-C residues using NW/SWNT FET sensors. The inventors will use the
NW/SWNT FET sensors with known concentrations of synthetic oligonucleotides with a
sequence designed to simulate the routine bisulfite-mediated conversion of methyl and non-
methyl C, followed by use in cell lines with varying degrees of methylation in the p16 gene
known to be biologically relevant. NW/SWNT FET sensors may be functionalized using
oligonucleotides directed to the p16 gene sequence simulated to reflect bisulfite conversion.
The mitial ligands on nanowire and nanotube surfaces will consist of two oligonucleotide
pairs that will be directed to either fully methylated or unmethylated pl16 gene sequences.
(Table 2.) NW/SWNT FET sensors may be tested for hybridization between the probes
and their respective complementary oligonucleotide sequences as positive controls (i. e. M-
pl6 and Mp16 Comp, or U-p16 and U-p16 Comp). As a negative control, the
corresponding M-U oligonucleotides may be used (i. e. M-p16 and U-p16). In addition,
diluted standards of M and U oligonucleotides may be used to calibrate the NW/SWNT
FET sensors, and determine the ability of the NW/SWNT FET sensors to quantitate pl6

DNA methylation, in an oligonucleotide mock standard.

Example 8
Table 2 — Oligonucleotides to be used with the NT/NW sensor array to detect methylation
of the p16 gene

Table 2.

Oligonucleotide Name Target Sequence

M-pl6 Methylated p16 SEQ. ID. NO.: 1
M-p16-Comp Methylated pl6 SEQ. ID. NO.: 2

U-pl6 Unmethylated pl6 SEQ. ID. NO.: 3
U-pl6-Comp Unmethylated p16 SEQ. ID. NO.: 4
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Detection of variable internal cytosine methylations in oligonucleotides of using indium
oxide nanowires and carbon nanotubes
The ability of the inventors’ NW/SWNT FET sensor array to distinguish different

patterns of partial DNA methylation will be determined by using oligonucletides with
different combinations of C/T. The M-p16 oligonucleotide (SEQ. ID. NO.: 1) will be
hybridized to a series of oligonucleotides based on the M-p16-Comp oligonucleotide (SEQ.
ID. NO.: 2), where Y represents either C or T, in order to simulate methylated or
unmethylated sites. Methylation of all three sites within the oligonucleotide may be tested
(1e. C-T-T, T-C-T, and T-T-C). This represents one of the three CpG sites being
methylated. In addition combinations of may be tested to simulate 2 of 3 sites being
methylated (ie. C-C-T, C-T-C, and T-C-C). The use of these oligonucletides will simulate
“partial” DNA methylation, and will test the ability of the NW/SWNT FET sensor array to
quantitate the DNA methylation of specific CpG sites, and determine which CpG site is

methylated within a target region. (Figure 1 and Table 3).

Example 10

Table 3 — Probe and target sequences for detection of simulated methylation

Table 3.

Sequence of the Probe attached on NW/NT | SEQ. ID. NO.: 5
surface

INCOMING TARGET SEQUENCE
Fully Methylated (C-C-C) Probe | SEQ.ID.NO.: 6
Fully Unmethylated Probe SEQ. ID. NO.: 7
Partial Methylated Probe (C-T-T)- Site 1 SEQ. ID. NO.: 8
Partial Methylated Probe (T-C-T)-Site 2 SEQ. ID. NO.: 9
Partial Methylated Probe (T-T-C)- Site 3 SEQ. ID. NO.: 10
Partial Methylated Probe (C-C-T)- Site 1,2 | SEQ. ID. NO.: 11

12
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Partial Methylated Probe (C-T-C)- Site 1,3 | SEQ. ID. NO.: 12

Partial Methylated Probe (T-C-C)- Site 2.3 | SEQ. ID. NO.: 13

Example 11

Direct detection of methylated DNA via methylation binding proteins

A NW/SWNT FET sensor array functionalized with an oligonucleotide
complementary to the pl6 gene promoter may be manufactured as described herein and
used 1n conjunction with a protein that specifically binds methylated but not unmethylated
DNA. The use of this methyl-CpG binding protein will be used in lieu of bisulfite
treatment and PCR to detect DNA methylation. A second sensor array functionalized with
a non-specific oligonucleotide may also be manufactured to serve as a negative control.
Methyl-CpG binding protein may also be manufactured where recombinant proteins will be
expressed in E.coli using cloned pET6H expression vector, and purified by loading onto a
nickel agarose column (Qiagen Fractogel EMD (Merck Inc., USA). During development
all combinations of NW/SWNT FET sensor array with a methylated oligonucleotide and
unmethylated oligonucleotide may be tested. In addition, each methyl-CpG binding protein
may be tested with each NW/SWNT FET sensor array combination. A newly engineered
high atfinity methyl-CpG binding protein may also be employed with the NW/SWNT FET
sensor array. A genetically engineered poly-MBD protein from MBD1 may be
manutactured by multimerizing the methyl binding protein of MBD1. This engineered
methyl-CpG-binding protein has a >50-fold binding affinity to methylated DNA than wild-
type MBD1. This engineered MBD may also be used with the NW/SWNT FET array to
detect methylated DNA using a protein marker. DNA of interest may be denatured and
hybridized to pl6 sequence specific oligonucleotides affixed to the NW/SWNT FET
sensor. High molecular weight DNA will be sheared with sonication or digested with a
restriction enzyme to reduce the target molecule size. Both methods may be employed
mitially to determine which is optimal to allow hybridization of a denatured DNA to

hybridize to the sensor array.

Example 12

Adding Methyl-CpG binding protein to the array

13
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Methyl-CpG binding protein may be added to the array to specifically bind
methylated DNA and trigger a signal in the sensor array. The methyl-CpG binding protein
will be hybridized to the target DNA hybridized to the NW/SWNT FET sensor array. The
binding protein may be hybridized in 20mM HEPES, ph 7.9, 10% glycerol and 1mM DTT,
conditions that have shown good binding of methyl CpG binding protein in previous gel
shift assays. MBP-based detection may be tested at a variety of concentrations to find the
optimal concentration of MBP protein with the highest signal to noise ratio for detection of
methylated DNA using NW and NT sensors. Unmethylated DNA will also hybridize to the
NW/SWNT FET sensor array, but will not interact with the methyl-CpG binding protein.

Example 13

DNA methylation may function as a clinical biomarker

The ability to simultaneously detect methylation for multiple genes in an array
format allows a combination of sensitivity, speed and scale to detect DNA methylation not
provided by existing formats. DNA methylation is the post-replicative chemical
modification of DNA. Cytosine can be methylated to 5-methylcytosine at the palindromic
CpG dinucleotide. DNA methylation is associated with transcriptional silencing of genes.
Aberrant DNA methylation is a common finding in all cancers. Hypermethylation of
normally unmethylated CpG rich areas referred to CpG islands seems to be the most
prevalent event described in cancer. Methylation of CpG islands associated with the
promoter region of genes leads to the aberrant silencing of numerous genes including a
number of tumor suppressor genes. The list of genes that have been found to be
hypermethylated in cancer is now exhaustive. MLLH1, ARF, p16, APC, CDHI, DAPKI,
GSTPI1, and pl5 are often studied as biomarkers for early cancer detection. However, in
the past, methods employed to detect aberrant DNA methylation of these genes are
dependent on bisulfite-PCR technology. Therefore the same assay can be adapted to any
gene or genome locus by selecting the appropriate PCR primers. These DNA methylation
markers have been used successfully to classify different cancers, and characterize certain
phenotypes. There are numerous reports that describe the hypermethylation of a gene being
associated with prognosis for gastric, lung, esophageal, pancreatic and colon cancer. Acute
lymphoblastic leukemia and acute myeloid leukemia with hypermethylation have also been

associated with a poorer outcome. DNA methylation patterns have also been shown to
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predict response or resistance to therapy in glioma and melanoma. The inventors optimized
their technology by using the p16 gene. The pl6 gene is a tumor suppressor gene involved
in numerous types of cancer. The pl6 protein plays a key role in controlling the cell cycle
by mhibiting the cyclin-dependent kinase 4 and preventing the phosphorylation of
retinoblastoma protein. The p16 gene can be inactivated by either mutation or deletion of
chromosome 9p. However, it appears that the p16 promoter, which is a CpG island,

can be frequently inactivated by hypermethylation in cancer.

Example 14

Cell line and culture conditions for methylation sensing

Three cancer cell lines: RKO (Colon), Hctl16 (Colon), and HepG2 may be used to
assess DNA methylation. The inventors have previously found that these cell lines have
varying amounts of p16 gene methylation. RKO is heavily (94%), Hctl 16 is intermediate
(37%), and HepG2 has low levels of pl6 methylation (<2%). The use of three different cell
lies with distinct levels of DNA methylation allow the inventors to validate the assay
system. Cells may be cultured in DMEM with 10% fetal bovine serum. DNA will be
extracted. Then DNA from these cell lines will be separately quantitated by standard
bisulfite-PCR Pyrosequencing or by NW/SWNT FET sensors. Bisulfite conversion of
DNA to assess DNA methylation may be performed, where bisulfite PCR for p16 gene
may be performed using the forward primer (SEQ. ID. NO.: 14), a biotinylated reverse
primer (SEQ. ID. NO.: 15), and a sequencing primer (SEQ. ID. NO.: 16).

For nanosensing experiments, the DNA isolated from cell lines may be digested
with the restriction enzymes, Pfiml and NgomlV, to create a target p16 sequence of 76 base
pairs 1n size. The DNA may then be denatured by heating to 950C or mild alkali treatment
prior to hybridization to the NW/SWNT FET sensor array. For hybridization to the
NW/SWNT FET array, it may be functionalized with about 75 nucleotide synthetic
sequence complementary to incoming target DNA. These assays can test the ability of
nanosensors to ditterentiate between differential hybridization of incoming DNA to probe
DNA based on the levels of methylation in a group of samples where DNA methylation has

been previously measured by Pyrosequencing.

Example 15

15
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DNA mutation detection

The NW/CNT devices are functionalized with probe DNAs complementary to the
target DNA sequence. The devices are then exposed to the solution under analysis.
Complementary DNASs to the probe DNA, regardless of the existence of mutation, will be
captured by the probe DNA if it exists in the solution. However, addition of mutation
detection protein will differentiate DNA hybrids with and without mutation, thus
generating a signal only from a device where the DNA hybrids have point mutation.
Another advantage of using mutation detection protein is that it carries larger charges than

DNAs, which will result in an enhanced signal.

Example 16

DNA mutation detection — materials and methods
For device preparation, NW/CNT devices were fabricated with probe DNAs attached to the
NW/CNT surface by using appropriate linker molecules. Amine terminated probe DNAs,
which are commercially available, may be used to form amide bond between the linker and
probe DNAs. Mutation binding protein may be purchased from a vendor or produced using

various methods readily known to those of skill in the art.

Example 17

DNA mutation detection — sensing experiments
The schematic diagram of the measurement setup is shown in Figure 5 herein. A
chemical cell made of teflon was mounted onto the device, and filled with phosphate saline
buffer (PBS). A Pt wire was inserted into the buffer, and served as a gate electrode (liquid
gate). This hiquid gate can be used to tune the sensitivity of devices. Solutions of interest

will be added to the buffer, and the conductance through the device will be monitored.

Example 18

Making nanosensors — Nanotube fabrication
The 1inventors have fabricated carbon nanotube FET arrays in a multistep process,
comprising:

(1) Catalyst preparation: Quartz substrates were photolithographically patterned to

make openings for catalysts. A solution of ferritin (Sigma) in de-ionized (D.1.) water was
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dropped onto the substrates, and kept for 10 min. The substrates were then rinsed with D.1.
water, and the photoresist layer was lifted off in acetone. The substrate with ferritin
particles was calcinated at 700 °C for 10 min to form iron oxide nanoparticles that act as
catalysts.

(2) Aligned carbon nanotube growth: A chemical vapor deposition (CVD) growth of

CNTs was performed with 2,500 sccm of methane, 10 sccm of ethylene, and 600 sccm of
hydrogen at 900 °C for 10 min, resulting in allocation of oriented CNTs at specific

positions.

(3) Metal electrode definition: Finally, metal electrodes (10 nm Ti and 30 nm Au) were
detined using photolithography and lift off technique.

Following these procedures, the inventors successfully fabricated aligned nanotube
biosensor arrays. The spacing between two adjacent devices was ~20 pum, and each device
was clearly separated as is confirmed from the SEM images showing no nanotubes crossing

between two devices.

Example 19

Making nanosensors — Nanowire fabrication
The fabrication consists of three steps: First, In,O3 NWs (previously grown on a
Si/S10; substrate via a laser ablation process developed previously”) were suspended 1n
1sopropanol by sonication. The solution was then dispersed onto a complete 3” Si/SiO,
substrate, followed by definition of the Ti/Au source and drain electrodes by

photolithography. The interdigitated electrodes were designed to have channel length of
2.5 mm and effective channel width of 500, 780, and 2600 mm.

While the description above refers to particular embodiments of the present
invention, it should be readily apparent to people of ordinary skill in the art that a number
of moditications may be made without departing from the spirit thereof. The presently
disclosed embodiments are, therefore, to be considered in all respects as illustrative and not
restrictive. One skilled in the art will recognize many methods and materials similar or
equivalent to those described herein, which could be used in the practice of the present

invention. Indeed, the present invention is in no way limited to the methods and materials

described.
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CLAIMS
1. A method of preparing a nanosensor to detect DNA methylation, comprising:

10.

providing a nanosensor; and
attaching a probe to the nanosensor,

wherein the probe is adapted to bind a methylated DNA sequence.

The method of claim 1, wherein the nanosensor comprises nanotube and nanowire

surfaces.

The method of claim 1, wherein the nanosensor is an NW/NT sensor.

The method of claim 1, wherein the probe comprises a polynucleotide.

The method of claim 1, wherein the probe is adapted to bind an agent.

The method of claim 5, wherein the agent comprises a signal amplifier.

The method of claim 1, wherein the probe comprises SEQ. ID. NO.: 1, SEQ. ID.
NO.: 2, SEQ. ID. NO.: 3, SEQ. ID. NO.: 4, or a combination thereof.

The method of claim 1, wherein the probe comprises SEQ. ID. NO.: 5, SEQ. ID.
NO.: 6, SEQ. ID. NO.: 7, SEQ. ID. NO.: 8, SEQ. ID. NO.: 9, SEQ. ID. NO.: 10,
SEQ. ID. NO.: 11, SEQ. ID. NO.: 12, SEQ. ID. NO.: 13, or a combination thereof.

A nanosensor tor detecting defected DNA, comprising:
a NW/NT sensor; and
a probe bound thereto,

wherein the probe is adapted to bind to a defected DNA.

The nanosensor of claim 9, wherein the probe is a polynucleotide.

13
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1.

12.

13.

14.

15.

16.

The nanosensor of claim 10, wherein the polynucleotide comprises a CG rich

SCquence.

The nanosensor of claim 9, wherein the defected DNA comprises a methylated

nucleotide.

The nanosensor of claim 9, wherein the defected DNA comprises a point mutation.

The nanosensor of claim 9, wherein the probe and defected DNA are adapted to

bind as complementary polynucleotides.

A method of detecting a defected nucleotide in a DNA sample, comprising:
providing a nanosensor configured to detectably change when a defected
nucleotide bound to a probe on the nanosensor is itself bound by an agent;
contacting the nanosensor with a sample; and
contacting the nanosensor with the agent,
wherein the nanosensor detectably changes if the sample comprises the

defected nucleotide.

The method of claim 15, wherein the agent comprises a methyl-CpG binding

protein.

17.

13.

19.

20).

The method of claim 15, wherein the agent comprises MBD1, MBD2, MBD4
and/or MeCP272.

The method of claim 15, wherein the agent comprises an antibody.

The method of claim 15, wherein the defected nucleotide comprises a point

mutation.

The method of claim 15, wherein the agent comprises a DNA repair protein.

19
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21.

22.

23.

24.

25.

The method of claim 15, wherein the defected nucleotide comprises a methylated

DNA nucleotide.

A method of diagnosing a disease in an individual in which the presence or absence
of methylation for a plurality of genetic loci is associated with the disease,
comprising:

using a nanosensor to determine the presence or absence in the individual of
the methylation 1n the plurality of genetic loci; and

diagnosing the individual as having the disease if the individual
demonstrates the presence or absence of the methylation of the plurality of genetic

loci.

The method of claim 22, wherein the disease 1s cancer.

A method of treating a disease in an individual in which the presence or absence of
methylation for a plurality of genetic loci is associated with the disease, comprising:
using a nanosensor to determine the presence or absence in the individual of
the methylation in the plurality of genetic loci;
diagnosing the individual as having the disease if the individual
demonstrates the presence or absence of the methylation of the plurality of genetic
loci; and

treating the disease, if the individual is diagnosed as having it.

The method of claim 24, wherein the disease i1s cancer.

20
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Figure 2.
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Figure 3.
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Figure 4.
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