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ABSTRACT

Provided herein is technology relating to detecting and
identifying nucleic acids and particularly, but not exclu-
sively, to compositions, methods, kits, and systems for
detecting, 1dentiiying, and quantifying target nucleic acids
with high confidence at single-molecule resolution.

Specification includes a Sequence Listing.
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METHODS AND SYSTEMS FOR
PROCESSING TIME-RESOLVED SIGNAL
INTENSITY DATA

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 16/154,045, filed Oct. 18, 2018, which
1s a divisional of U.S. patent application Ser. No. 14/589,
467, filed Jan. 5, 2015, which claims prionity to U.S.
provisional patent application Ser. No. 62/036,480, filed

Aug. 12, 2014, and U.S. provisional patent application Ser.
No. 62/078,766, filed Nov. 12, 2014, each of which 1s
incorporated herein by reference 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under WO11NF-12-1-0420 awarded by the U.S. Army/Army
Research Oflice, and GMO062357 awarded by the National
Institutes of Health. The government has certain rights 1n the
invention.

SEQUENCE LISTING

[0003] The computer readable sequence listing filed here-
with, titled “UM-33976-305_SQL”, created Sep. 6, 2022,
having a file size of 10,449 bytes, 1s hereby incorporated by
reference in 1ts entirety.

FIELD

[0004] Provided herein 1s technology relating to detecting
and 1dentifying nucleic acids and particularly, but not exclu-
sively, to compositions, methods, kits, and systems for
detecting, 1dentitying, and quantifying target nucleic acids
with high confidence at single-molecule resolution.

BACKGROUND

[0005] FEarly detection 1s critical to the effective treatment
of many diseases, especially cancer. Research related to
identifying detectable biomarkers associated with early-
stage disease has indicated that nucleic acids (e.g., DNA,
RNA (e.g., microRNA, mRNA, ncRNA)) provide highly
specific biomarkers of cancer and other maladies. In par-
ticular, microRNAs (miRNAs) are often dysregulated in
disease (see, e.g., Schwarzenbach et al (2011) *“Cell-free
nucleic acids as biomarkers in cancer patients” Nat. Rev.
Cancer 11: 426-4377; lorio & Croce (2012) “MicroRNA
dysregulation 1n cancer: diagnostics, monitoring and thera-
peutics. A comprehensive review”® EMBO Mol. Med. 4:
143-159). Further, miRNAs can be detected 1n several body
fluids, including blood (Mitchell et al (2008) “Circulating
microRNAs as stable blood-based markers for cancer detec-
tion” Proc. Natl. Acad. Sci. 105: 10513-10318), saliva,
urine, and sputum (Iorio, supra). Thus, miRNAs provide an
accessible biomarker useful for early diagnosis and treat-
ment of diseases such as cancer.

[0006] However, despite their promise as diagnostic bio-
markers, the sensitive and specific detection of miRNAs has
proven challenging. For example, the low abundance of
diagnostic miRNAs 1n a milieu of other nucleic acids
hinders the reliable detection of the relevant diagnostic
miRNAs. Existing assays based on polymerase chain reac-
tion (PCR), while highly sensitive, require extraction and
amplification steps that are associated with several hours of
time to execute. Further, many methods based on nucleic
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acid amplification are known to introduce bias into results
(e.g., amplification products do not accurately reflect the
sequence, composition, and quantity of mput samples).
Other extant methods for amplification-free detection of
nucleic acid targets typically utilize thermodynamic dis-
crimination by a nucleic acid probe that hybridizes to a
complementary sequence within the target (see, e.g., Tan et
al (2004) “Molecular beacons™ Curr. Opin. Chem. Biol. 8:
5477-553; Sw1 et al (2011) “An ultra-sensitive DNA assay
based on single-molecule detection coupled with hybridiza-
tion accumulation and 1ts application” The Analyst 136:
3950; Ostergaard & Hrdlicka (2011) “Pyrene-functionalized
oligonucleotides and locked nucleic acids (LINAs): Tools for
fundamental research, diagnostics, and nanotechnology™
Chem Soc Rev 40: 3771-3788; Trcek et al (2012) “Single-
mRNA counting using fluorescent in situ hybridization in
budding yeast” Nat. Protoc. 7: 408-419; Zhang et al (2012)
“Optimizing the specificity of nucleic acid hybridization™
Nat. Chem. 4: 208-214). However, these existing methods
face two main difliculties. First, 1n the absence of amplifi-
cation, high-sensitivity detection generally requires single-
molecule measurements that are frequently hampered by
matrix-dependent background signals resulting 1n an incom-
plete discrimination of target sequences above background
(see, e.g., Gunnarsson et al (2008) “Single-Molecule Detec-
tion and Mismatch Discrimination of Unlabeled DNA Tar-
gets” Nano Lett. 8: 183-188; Chan et al (2010) “Direct
Quantification of Single-Molecules of MicroRNA by Total
Internal Retlection Fluorescence Microscopy” Anal. Chem.
82: 6911-6918). Second, essentially all existing methods
rely on thermodynamic discrimination, which places funda-
mental physical limits on the specificity of detection and
thus results 1n the mcomplete discrimination of target mol-
ecules relative to spurious non-target molecules (Zhang,
supra). Thus, a sensitive and specific assay for the amplifi-
cation-free detection of miRNAs 1n minimally treated native
biofluids 1s needed to provide a rapid and reliable 1dentifi-
cation and/or quantification of miRNA biomarkers.

SUMMARY

[0007] Accordingly, provided herein 1s technology related
to the amplification-free single-molecule detection of unla-
beled nucleic acids (e.g., DNA, RNA (e.g., mRNA, miRNA,
ncRNA)) that does not rely on thermodynamic discrimina-
tion for specificity. In some embodiments, the technology
exploits the transient binding of a short detectably labeled
(e.g., fluorescent) query probe (e.g., a nucleic acid (e.g.,
DNA or RNA) query probe) to nucleic acid (e.g., DNA,
RNA (e.g., mRNA, miRNA, ncRINA)) targets that have been
immobilized on a solid surface by hybridization to a capture
probe (e.g., a nucleic acid capture probe, e€.g., comprising a
modified base such as in a locked nucleic acid (LNA)
capture probe). The repeated binding of multiple copies of
the detectably labeled (e.g., fluorescent) query probe to the
same 1mmobilized target nucleic acid increases the confi-
dence of the measurement. The binding of the query probes
1s a Poisson process and thus the discrimination factor
compared to background or detection of spurious targets
increases exponentially with increasing acquisition time.
Consequently, the technology provides discrimination of
multiple closely related targets 1n a sample with minimal,
¢.g., ellectively or virtually zero, background signal. Experi-
ments conducted during the development of the technology
indicate that the approach 1s generally applicable (e.g., to




US 2023/0070399 Al

detect DNA, RNA (e.g., microRNA, mRNA). In particular,
embodiments of the technology identified and quantified
five different miRNAs (from organisms such as Homo
sapiens and Caenorhabditis elegans) present at sub-pico-
molar concentrations i bufler solutions and in complex
biological matrices. Additional embodiments of the technol-
ogy 1dentified and quantified changes 1n the structure of a
mRNA that were induced by the binding of a ligand to the
mRNA. In some embodiments, the technology quantified
the concentration of ligand in the assay mixtures, €.g., 1n
some embodiments the technology quantified the ligand
bound to a nucleic acid and/or quantified the ligand that was
not bound (e.g., free 1n solution) to the nucleic acid.

[0008] Further, embodiments provided for high-confi-
dence detection of nucleic acid binding partners at the single
molecule level (e.g., detecting binding of a ligand to a
nucleic acid, quantitying the concentration of a nucleic acid
that binds a ligand, quantifying the concentration of a
nucleic acid that does not bind a ligand, quantifying ligand
in a bound state, and/or quantifying a ligand in an unbound
state). In some embodiments, nucleic acid molecules bind
ligands (e.g., metabolites, sugars, enzyme cofactors, pro-
teins, and other nucleic acids) that are biomarkers. The
nucleic acid responds to ligand binding, e.g., by changing
shape (e.g., conformation, structure, etc.) or becomes (e.g.,
partially) covered 1n a way that changes the accessibility of
a segment, ¢.g., to a ligand and/or a probe. Thus, in some
embodiments the technology provides a platform for the
specific and ultrasensitive detection of virtually any bio-
marker of interest through detecting changes (e.g., 1n acces-
s1ibility, conformation, structure, etc.) in single target nucleic
acid molecules. In some embodiments, this approach
involves immobilizing an unlabeled nucleic acid (e.g., by a
capture probe) onto a glass or fused silica surface, followed
by observation of the repeated, transient binding of a query
probe (e.g., a short fluorescently labeled DNA probe) to that
segment of the captured nucleic acid that changes accessi-
bility upon biomarker binding. The disclosed technology
uses the unique kinetic “fingerprint” discussed herein and its
modulation by biomarker capture to reach arbitrarily high
discrimination against background signal with increased
sampling time, essentially eliminating false positive signals.
This platform 1s applicable without any need for biomarker
amplification, utilizes no enzymes, and thus requires mini-
mal pre-treatment of biological samples prior to biomarker
detection and avoids or minimizes the mtroduction of sam-
pling bias.

[0009] Accordingly, embodiments of the technology pro-
vide a detection complex for detecting a nucleic acid or a
portion of a nucleic acid. In particular, some embodiments
provide a complex for detecting a target nucleic acid com-
prising a first region and a second region; a capture probe
(e.g., a nucleic acid capture probe) comprising a target
binding region hybridized to the first region of the nucleic
acid to form a thermodynamically stable duplex; and a
detectably labeled (e.g., fluorescent) query probe that
hybridizes to the second region of the target nucleic acid
with a kinetic rate constant K ~that 1s greater than 0.1 min~"
and/or a kinetic rate constant k_, that 1s greater than 0.1
min~'. For example, in some embodiments, the kinetic rate
constant k- 1s greater than 1 min~' and/or the kinetic rate
constant k_, is greater than 1 min™". In some embodiments,
the kinetic rate constant k_, describing the association of the
query probe with the query region of the nucleic acid to form

Mar. 9, 2023

a hybrid and/or the kinetic rate constant k- describing the
dissociation of the hybrid is/are greater than 0.1 min™', e.g.,
greater than 1 min~' (e.g., greater that approximately 0.002
s™!, greater than approximately 0.02 s™'). In some embodi-
ments, the kinetic rate constant k_, describing the associa-
tion of the query probe with the query region of the nucleic
acid to form a hybrid and/or the kinetic rate constant k.

describing the dissociation of the hybrid 1s/are greater than
0.001 s™', e.g., greater than 0.002, 0.003, 0.004, 0.005,

0.006, 0.007, 0.008, 0.009, 0.01, 0.02, 0.03, 0.04, 0.03, 0.06,
0.07, 0.08, 0.09, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,
2,3,4,5,6,7, or 8s .

[0010] Further, mn some embodiments, the detectably
labeled (e.g., fluorescent) query probe hybridizes to the
target nucleic acid with a standard free energy that 1s greater
than ~12 kcal/mol at approximately 37° C., e.g., the fluo-
rescent query probe hybridizes to the target nucleic acid with
a standard free energy that 1s greater than —10 kcal/mol at
approximately 37° C. In terms of melting temperatures,
some embodiments comprise use of a fluorescent query
probe that hybridizes to the target nucleic acid with a
melting temperature of less than 35° C. to less than 40° C.

[0011] The technology contemplates various modifica-
tions of nucleic acid capture probes, e.g., to modily (e.g.,
strengthen) the hybridization of the capture probe and the
target nucleic acid. For example, in some embodiments, the
nucleic acid capture probe comprises a locked nucleic acid.

[0012] Particular aspects of the technology relate to the
s1izes of the capture probe, query probe, and nucleic acid
(e.g., the target nucleic acid). For mstance, 1n some embodi-
ments, the first region of the nucleic acid consists of from 5
to 500 nucleotides. In some embodiments, the target binding
region of the nucleic acid capture probe consists of from 3
to 500 nucleotides; in some embodiments, the first region of
the target nucleic acid consists of 5 to 15 nucleotides; in
some embodiments, the target binding region consists of 5 to
15 nucleotides; 1n some embodiments, the first region of the
target nucleic acid consists of 6 to 12 nucleotides; 1n some
embodiments, the target binding region consists of 6 to 12
nucleotides; in some embodiments, the first region of the
target nucleic acid consists of 8 to 10 nucleotides; 1n some
embodiments, the target binding region consists of 8 to 10
nucleotides; 1n some embodiments, the second region of the
target nucleic acid consists of 5 to 15 nucleotides; 1n some
embodiments, the fluorescent query probe consists of 5 to 15
nucleotides; 1n some embodiments, the second region of the
target nucleic acid consists of 6 to 12 nucleotides; 1n some
embodiments, the fluorescent query probe consists of 6 to 12
nucleotides; 1n some embodiments, the second region of the
target nucleic acid consists of 8 to 10 nucleotides; and 1n
some embodiments, the fluorescent query probe consists of
8 to 10 nucleotides.

[0013] Embodiments of the technology relate to the use of
a solid support, e.g., comprising one or more capture probes.
Accordingly, 1n some embodiments the complex described
above further comprises a solid support. In some embodi-
ments, the solid support comprises an array of capture
probes. Embodiments provide various technologies for
immobilizing the capture probe to the solid support. For
example, some embodiments provide that the capture probe
(e.g., a nucleic acid capture probe) comprises an 1mmobili-
zation moiety, e.g., 1n some embodiments, the nucleic acid
capture probe 1s bound to a solid support by an 1immobili-
zation moiety. Particular embodiments provide that the
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capture probe (e.g., a nucleic acid capture probe) comprises
a biotin moiety and/or some embodiments provide a com-
plex comprising a solid support comprising a streptavidin
moiety.

[0014] The technology 1s related 1n some embodiments to
fluorescent detection of a detectably labeled (e.g., fluores-
cent) query probe. For instance, in some embodiments, the
detectably labeled (e.g., fluorescent) query probe comprises
a fluorescent label (e.g., fluorescein, 6-carboxytluorescein
(6-FAM), S-carboxyfluorescein (5-FAM), 5- or 6-carboxy-4,
7, 2', T'-tetrachlorofluorescein (TET), 5- or 6-carboxy-
4'5'2'4'5"7" hexachlorofluorescein (HEX), 3' or 6'-carboxy-
4' S'-dichloro-2."7'-dimethoxyfluorescein (JOE), S-carboxy-
2',,4',5',7'-tetrachloroﬂuorescein (ZOE), rhodol, rhodamine,
tetramethylrhodamine (TAMRA), 4,7-dichlorotetramethyl
rhodamine (DTAMRA), rhodamine X (ROX), Texas Red,
Cy 3, Cy35 Cy35Cy35 Cy7,or Cy 7.5 Cy3B, Alexa
Fluor 3350, Alexa Fluor 403, Alexa Fluor 488, Alexa Fluor
546, Alexa Fluor 553, Alexa Fluor 368, Alexa Fluor 594,
Alexa Fluor 633, Alexa Fluor 647, Alexa Fluor 680, ATTO
390, ATTO 425, ATTO 465, ATTO 488, ATTO 495, ATTO
514, ATTO 520, ATTO 332, ATTO Rho6G, ATTO 542,
ATTO 550, ATTO 365, ATTO Rho3B, ATTO Rholl, ATTO
Rhol2, ATTO Thiol2, ATTO Rhol01, ATTO 590, ATTO
594, ATTO Rhol3, ATTO 610, ATTO 620, ATTO Rhol4,
ATTO 633, ATTO 647, ATTO 647N, ATTO 655, ATTO
Oxal2, ATTO 665, ATTO 680, ATTO 700, ATTO 725, or
ATTO740).

[0015] In some embodiments, the fluorescent label com-

prises a dye that 1s Cy3B, Alexa Fluor 403, Alexa Fluor 555,
Alexa Fluor 633, Alexa Fluor 647, ATTO 565, ATTO 647,

and AT'TO 647N.

[0016] In some embodiments the target nucleic acid 1s a
deoxyribonucleic acid (DNA) or a ribonucleic acid (RNA),
¢.g., a target nucleic acid consisting of less than 50 nucleo-
tides, e.g., a target nucleic acid consisting of less than 25
nucleotides. In particular embodiments, the technology 1s
related to a complex wherein the target nucleic acid 1s a
mRNA or a microRNA. In embodiments, the target nucleic
acid 1s a biomarker for a disease, e.g., a cancer.

[0017] Additional embodiments provide methods {for
detecting a nucleic acid. For example, in some embodi-
ments, the technology 1s related to a method for detecting a
target nucleic acid 1n a sample comprising immobilizing a
target nucleic acid to a discrete region of a solid support, said
target nucleic acid comprising a first region and a second
region and said discrete region of said solid support com-
prising a capture probe (e.g., a nucleic acid capture probe)
comprising a target binding region; adding a detectably
labeled (e.g., fluorescent) query probe that hybridizes to the
second region of the target nucleic acid with a kinetic rate

constant k  ~that 1s greater than 0.1 min~" (e.g., greater than
0.001, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008,

0.009, 0.01,0.02,0.03,0.04,0.05, 0.06, 0.07, 0.08, 0.09, 0.1,
0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1,2,3,4,5,6,7, 0or8s™")
and/or a kinetic rate constant k_, that 1s greater than 0.1
min~" (e.g., greater than 0.001, 0.002, 0.003, 0.004, 0.005,
0.006, 0.007, 0.008, 0.009, 0.01, 0.02, 0.03, 0.04, 0.03, 0.06,
0.07, 0.08, 0.09, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,
2,3, 4,5, 6,7, or 8 s7'); and identifying the sample as
comprising the target nucleic acid when the dwell time of the
query probe in the discrete region of the solid support is
greater than the dwell time of the query probe 1n the absence
of the target nucleic acid; the fluorescence intensity of the
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query probe 1n the discrete region 1s greater than a fluores-
cence 1ntensity detected 1n the absence of the target nucleic
acid; and/or the number of binding events i1n the discrete
region 1s greater than the number of binding events detected
in the absence of the target nucleic acid. In some embodi-
ments of the method, the kinetic rate constant k- 1s greater

than 1 min™" (e.g., greater than 0.01, 0.02, 0.03, 0.04, 0.05,

0.06, 0.07,0.08, 0.09,0.1,0.2, 0.3, 04 0.5,0.6,0.7,0.8,0.9,

1,2,3,4,5,6,7, or 8 s‘l) and/or the kinetic rate constant
k_, is greater than 1 min~" (e.g., greater than 0.01, 0.02, 0.03,
0.04, 0.03, 0.06, 0.07, 0.08, 0.09, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7,08,09,1,2,3,4,5, 6,7, or 8s57").

[0018] Insome embodiments of the methods provided, the
detectably labeled (e.g., fluorescent) query probe hybridizes
to the target nucleic acid with a standard free energy that 1s
greater than —12 kcal/mol at approximately 37° C., e.g., the
fluorescent query probe hybridizes to the target nucleic acid
with a standard free energy that 1s greater than ~12 kcal/mol
at approximately 37° C. In some embodiments of the meth-
ods, the fluorescent query probe hybridizes to the target
nucleic acid with a melting temperature of less than 35° C.
to less than 40° C. The methods provide 1n some embodi-
ments that the nucleic acid capture probe comprises a
modified base, e.g., comprises a locked nucleic acid.

[0019] In some embodiments of the methods, the first
region ol the target nucleic acid consists of 5 to 500
nucleotides; 1n some embodiments, the target binding region
of the nucleic acid capture probe consists of from 5 to 500
nucleotides; 1n some embodiments, the first region of the
target nucleic acid consists of 5 to 15 nucleotides; 1n some
embodiments, the target binding region consists of 5 to 15
nucleotides; 1n some embodiments, the first region of the
target nucleic acid consists of 6 to 12 nucleotides. In some
embodiments, the target binding region consists of 6 to 12
nucleotides; 1n some embodiments, the first region of the
target nucleic acid consists of 8 to 10 nucleotides; 1n some
embodiments, the target binding region consists of 8 to 10
nucleotides; 1n some embodiments, the second region of the
target nucleic acid consists of 5 to 15 nucleotides; 1n some
embodiments, the fluorescent query probe consists of 5 to 15
nucleotides. In some embodiments, the second region of the
target nucleic acid consists of 6 to 12 nucleotides; 1n some
embodiments, the fluorescent query probe consists of 6 to 12
nucleotides; 1n some embodiments, the second region of the
target nucleic acid consists of 8 to 10 nucleotides; 1n some
embodiments, the fluorescent query probe consists of 8 to 10
nucleotides.

[0020] The technology provides methods related to solid
supports and arrays. Accordingly, in some embodiments, the
capture probe (e.g., the nucleic acid capture probe) com-
prises an immobilization moiety and 1n some embodiments
the nucleic acid capture probe 1s bound to the solid support
by an immobilization moiety. In exemplary embodiments,
the capture probe (e.g., the nucleic acid capture probe)
comprises a biotin moiety and/or the solid support comprises
a streptavidin moiety.

[0021] Some embodiments of methods provide that the
detectably labeled (e.g., fluorescent) query probe comprises
a fluorescent label (e.g., fluorescein, 6-carboxyfluorescein
(6-FAM), 5-carboxyfluorescein (5-FAM), 5- or 6-carboxy-4,
7, 2', 7'-tetrachlorofluorescein (TET), 5- or 6-carboxy-
4'5'2'4'5"7" hexachlorofluorescein (HEX), 5' or 6'-carboxy-
4' 5'-dichloro-2."7'-dimethoxyfluorescein (JOE), S-carboxy-
2'.4'.5" 7'-tetrachlorofluorescein (ZOE), rhodol, rhodamine,
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tetramethylrhodamine (TAMRA), 4,7-dichlorotetramethyl
rhodamine (DTAMRA), rhodamine X (ROX), Texas Red,
Cy3,Cy3.5,Cy 5 Cy55 Cy7,Cy 7.5 Cy3B, Alexa Fluor
350, Alexa Fluor 405, Alexa Fluor 488, Alexa Fluor 546,
Alexa Fluor 5535, Alexa Fluor 568, Alexa Fluor 394, Alexa
Fluor 633, Alexa Fluor 647, Alexa Fluor 680, ATTO 390,
ATTO 425, ATTO 465, ATTO 488, ATTO 4935, ATTO 314,
ATTO 3520, ATTO 332, ATTO Rho6G, ATTO 542, ATTO
550, ATTO 565, ATTO Rho3B, ATTO Rhol1l, ATTO Rhol2,
ATTO Thiol2, ATTO Rhol01, ATTO 590, ATTO 394,
ATTO Rhol3, ATTO 610, ATTO 620, ATTO Rhol4, ATTO
633, ATTO 647, ATTO 647N, ATTO 655, ATTO Oxal2,
ATTO 665, ATTO 680, ATTO 700, ATTO 725, or
ATTO740).

[0022] In some embodiments, the fluorescent label com-
prises a dye that 1s Cy3B, Alexa Fluor 405, Alexa Fluor 555,
Alexa Fluor 633, Alexa Fluor 647, ATTO 565, ATTO 647,
and ATTO 647N.

[0023] Some embodiments provide a method for the
detection of a target nucleic acid that 1s a ribonucleic acid,
c.g., amiRNA (e.g., a miRNA selected from Table 1). Some
embodiments provide a method for detecting a target nucleic
acid consisting of less than 50 nucleotides, e.g., a target
nucleic acid consisting of less than 25 nucleotides. Some
embodiments relate to detecting a disease, e.g., 1n some
embodiments, the target nucleic acid 1s a biomarker for a
disease such as, e.g., a cancer.

[0024] Some embodiments provide a method for the
detection of a change 1n the conformation or accessibility of
a nucleic acid. Some embodiments provide a method for the
detection of binding of a ligand to a nucleic acid (e.g., a
DNA, an RNA (e.g., a mRNA)). For example, in some
embodiments the binding of a ligand to a nucleic acid causes
a change in the conformation of the nucleic acid. Embodi-
ments provide that a change 1n the conformation of a nucleic
acid 1s detectable by a change in the kinetics of binding of
a query probe to the target nucleic acid. Embodiments
provide technology for quantifying the concentration of a
ligand 1n an assay, €.g., in some embodiments the technol-
ogy linds use 1n quantifying the bound and/or unbound
ligand (e.g., bound to a nucleic acid and/or not bound to a
nucleic acid) 1n an assay mixture.

[0025] Further embodiments relate to kits for detecting a
nucleic acid. For example, in some embodiments, the tech-
nology provides a kit comprising a solid support comprising,
an immobilized capture probe and a detectably labeled (e.g.,
fluorescent) query probe consisting of 5 to 15 nucleotides,
¢.g., consisting of 6 to 12 nucleotides. In some embodi-
ments, the kit comprises a solid support that 1s, e.g., a
microscope slide, a bead, a coverslip, a biotin-conjugated
microscope slide or coverslip, or a solid support comprising
a zero mode waveguide array. Embodiments of kits com-
prise one or more positive controls and/or one or more
negative controls (e.g., controls having known concentra-
tions including, in some embodiments, a negative control
with nominally a zero concentration).

[0026] In some embodiments, the kit comprises a capture
probe that 1s complementary to a first region of a target
nucleic acid (e.g., a DNA, an RNA (e.g., a miRNA, a
mRNA, a ncRNA) and the query probe 1s complementary to

a second region of a target nucleic acid (e.g., a DNA, an
RNA (e.g., a miRNA, a mRNA, a ncRNA).

[0027] Additional embodiments provide a system for the
detection of a nucleic acid. In some embodiments, the
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system comprises a solid support comprising an 1mmobi-
lized capture probe, a detectably labeled (e.g., fluorescent)
query probe consisting of 5 to 15 nucleotides, and a detector
(e.g., a fluorescence detector (e.g., a fluorescence micro-
scope)). In some embodiments of systems, the fluorescence
microscope comprises an 1llumination configuration to
excite bound query probes. In some embodiments the fluo-
rescence detector 1s a fluorescence microscope comprising,
an 1illumination configuration that 1s a prism-type total
internal reflection fluorescence (TIRF) microscope, an
objective-type TIRF microscope, a near-TIRF or Hilo
microscope, a confocal laser scanning microscope, a zero-
mode waveguide, and/or an 1illumination configuration
capable of parallel monitoring of a large area of the slide or
coverslip (>100 um~) while restricting illumination to a
small region of space near the surface.

[0028] Further embodiments of systems comprise a detec-
tor (e.g., a fluorescence detector) comprising an 1ntensified
charge coupled device (ICCD), an electron-multiplying
charge coupled device (EM-CCD), a complementary metal-
oxide-semiconductor (CMOS), a photomultiplier tube
(PMT), an avalanche photodiode (APD), and/or another
detector capable of detecting fluorescence emission from
single chromophores. Embodiments of systems comprise a
computer and software encoding instructions for the com-
puter to perform, e.g., instructions comprising the steps of a
method for data processing and interpretation, instructions
comprising the steps of a method for distinguishing a sample
comprising a target nucleic acid from a non-target nucleic
acid, and/or instructions comprising the steps for determin-
ing the concentration of a target nucleic acid in a sample.

[0029] Additional embodiments will be apparent to per-
sons skilled in the relevant art based on the teachings
contained herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] These and other features, aspects, and advantages
of the present technology will become better understood
with regard to the following drawings:

[0031] FIG. 1 1s a schematic drawing showing an exem-
plary embodiment of the technology as described herein.

[0032] FIG. 2A 15 a histogram of intensity transitions for
detection of 20 pM let-7a by prism-type TIRF microscopy.
FIG. 2B 1s a plot showing the mean number of intensity
transitions per candidate molecule for a target-positive assay
and a negative control as a function of acquisition time for
detection of 20 pM let-7a by prism-type TIRF microscopy.
FIG. 2C 1s a plot showing the approximately exponential
increase in signal-to-background ratio with increasing mean
number of intensity transitions per candidate for detection of
20 pM let-7a by prism-type TIRF microscopy. FIG. 2D 1s a
plot showing a linear relationship between concentration of
miRNA and number of molecules detected by an embodi-
ment of the technology provided herein.

[0033] FIG. 3A shows data from an experiment using a
tully complementary fluorescent probe to detect let-7a. FIG.
3B shows data from an experiment using the same probe 1n
FIG. 3A to detect let-7c, which has a single mismatch to the
probe; the single mismatch causes the fluorescent probe to
dissociate ~4 times more rapidly from let-7¢ than 1t does
from let-7a i FIG. 3A. FIG. 3C 1s a plot showing approxi-
mately 70-fold discrimination between let-7a and let-7c
using the same fluorescent probe.



US 2023/0070399 Al

[0034] FIG. 4A 15 a bar plot showing the detection of
let-7a 1n HeLa whole cell lysate. FIG. 4B 1s a bar plot
showing the detection of let-7a i U208 cytosolic RNA
1solate.

[0035] FIG. SA shows the detection of H. sapiens hsa-let-
7a. F1IG. 5B shows the detection of /4. sapiens hsa-miR-16.
FIG. 5C shows the detection of H. sapiens hsa-miR-21. FIG.
5D shows the detection of C. elegans cel-miR-39.

[0036] FIG. 6 1s a series of plots showing the effect of
ligand (e.g., preQ,) binding on the binding kinetics of a
probe. FIG. 6 A shows a plot in which the dwell times 1n the
unbound state across all pre(Q, concentrations were com-
piled and plotted with an exponential fit, plotted as a
function of ligand concentration, and fit to a logistic fit. The
corresponding K, ,, value 1s indicated. Fach concentration
was tested experimentally at least three times. FIG. 6B
shows a plot 1n which the dwell times 1n the bound state
across all preQQ, concentrations were compiled and plotted.
Each individual condition was plotted as a double exponen-
tial. The corresponding K, ,, values are indicated. FIG. 6C 1s
a plot showing the correlation between the average bound
and unbound time of each individual trajectory and the
corresponding histograms in the presence and absence of
ligand.

[0037] FIG. 7 1s a series of plots showing the detection of
changes in nucleic acid conformation using spike train
analysis. FIG. 7A 1s a cumulative histogram displaying the
interspike interval time 1nside and outside bursts. FIG. 7B
shows the trajectory and the corresponding histogram in the
absence of ligand that represents nucleic acids 1n multiple
conformational states.

[0038] FIG. 8 15 a series of plots showing ligand-depen-
dent changes in bursting behavior of nucleic acids (e.g.,
comprising a riboswitche). FIG. 8A shows histograms indi-
cating the time spent 1n the unbound states inside and outside
of the burst at varying ligand (e.g., preQQ,) concentrations.
FIG. 8B shows histograms indicating the length of each
burst. FIG. 8C shows representative trajectories in the
absence (top panel) and presence (bottom panel) of ligand.
[0039] It 1s to be understood that the figures are not
necessarily drawn to scale, nor are the objects in the figures
necessarily drawn to scale 1n relationship to one another. The
figures are depictions that are intended to bring clarity and
understanding to various embodiments of apparatuses, sys-
tems, and methods disclosed herein. Moreover, 1t should be
appreciated that the drawings are not intended to limit the
scope of the present teachings 1n any way.

DETAILED DESCRIPTION

[0040] Provided heremn i1s technology related to single-
molecule detection of nucleic acids (e.g., DNA, RNA (e.g.,
miRNA, mRNA, ncRNA)). In some embodiments, the tech-
nology 1s related to the detection of small nucleic acids (e.g.,
comprising less than 100 bases or base pairs, €.g., compris-
ing less than 90, 80, 70, 60, 50, 45, 40, 39, 38, 37, 36, 35,
34, 33, 32,31, 30, 29, 28, 27, 26, 25, 24, 23, 22, 21, 20, 19,
18, 17, 16, 13, or fewer than 15 bases or base pairs). In
particular, embodiments of the technology provide a tech-
nique for the amplification-free, specific, and sensitive
counting of single nucleic acid molecules (e.g., DNA, RNA
(e.g., mIRNA, mRNA, ncRNA)) in complex mixtures. The
technology exploits the repeated, transient binding of short
query probes (e.g., detectably labeled (e.g., fluorescently
labeled) query probes) to an immobilized target nucleic acid

Mar. 9, 2023

to produce a time-resolved signal based on the kinetics of the
query probe binding to and dissociating from the target
nucleic acid. Binding events occur as a Poisson equilibrium
sampling process; thus, in some embodiments, Poisson
statistical treatment of the data 1s used to discriminate target
nucleic acids from non-target nucleic acids.

[0041] During the development of embodiments of the
technology provided herein, experiments were conducted 1n
which the transient binding of query probes to immobilized
targets nucleic acids was monitored using total internal
reflection fluorescence (TIRF) microscopy. The data col-
lected from experiments using five different miRNAs indi-
cated that the technology provides a general technique for
the high-confidence single-molecule detection of nucleic
acids, 1 particular small nucleic acids such as miRNAs.
Further, the technology provides a significantly improved
discrimination of target nucleic acids over background rela-
tive to extant technologies based on thermodynamic prob-
ing. Further, closely related targets (e.g., differing at a single
nucleotide) are discriminated by adjusting the time of obser-
vation, which effectively eliminated false positive signals.

[0042] In particular experiments, data collected indicated
that the technology provides greater than a 50-fold discrimi-
nation between two members of the let-7 miRNA family that
differ by a single-nucleotide polymorphism, let-7a and let-
7c. Further, experiments demonstrated the specific detection
of let-7a 1n both whole-cell lysate and 1n a total RNA extract
produced from human cancer cells. The technology 1s not
only applicable to detecting miRNA, but also finds broad
application 1n the sensitive, high-confidence detection of
specific nucleic acid biomarkers 1n both research and clinical
settings.

[0043] Further, during the development of embodiments
of the technology provided herein, experiments were con-
ducted 1n which the technology was used to quantily con-
formational (e.g., structural) states of a nucleic acid (e.g., a
mRNA), the effects of ligand binding to the mRNA on the
conformational (e.g., structural) states of a nucleic acid, and
the concentrations of ligand in the solution in the bound
and/or unbound states. In particular, data were collected
relating to the ligand-dependent structure and accessibility
of a Shine-Dalgarno sequence of an mRNA comprising a
ligand-binding riboswitch (e.g., a rniboswitch that binds
7-aminomethyl-7-deazaguanine (pre(Q1)). The data indi-
cated that decreases 1n both the probe binding and the probe
dissociation rate constants were due to complex changes 1n
nucleic acid sequence accessibility 1n single nucleic acid
(e.g., mRNA) molecules. Spike train analysis indicated that
individual nucleic acids (e.g., mRNAs) dynamically inter-
convert between multiple (e.g., at least two) conformational
states, one manifesting as sudden bursts of probe binding
and the other as infrequent but still detectable probe binding
events.

[0044] In this detailed description of the various embodi-
ments, for purposes ol explanation, numerous specific
details are set forth to provide a thorough understanding of
the embodiments disclosed. One skilled in the art will
appreciate, however, that these various embodiments may be
practiced with or without these specific details. In other
instances, structures and devices are shown 1n block diagram
form. Furthermore, one skilled in the art can readily appre-
ciate that the specific sequences in which methods are
presented and performed are illustrative and it 1s contem-
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plated that the sequences can be varied and still remain
within the spirit and scope of the various embodiments
disclosed herein.

[0045] All Iiterature and similar materials cited i this
application, including but not limited to, patents, patent
applications, articles, books, treatises, and internet web
pages, are expressly incorporated by reference in their
entirety for any purpose. Unless defined otherwise, all
technical and scientific terms used herein have the same
meaning as 1s commonly understood by one of ordinary skall
in the art to which the various embodiments described herein
belongs. When definitions of terms in incorporated refer-
ences appear to differ from the definitions provided in the
present teachings, the definition provided in the present
teachings shall control. The section headings used herein are
for organizational purposes only and are not to be construed
as limiting the described subject matter in any way.

Definitions

[0046] To facilitate an understanding of the present tech-
nology, a number of terms and phrases are defined below.
Additional definitions are set forth throughout the detailed
description.

[0047] Throughout the specification and claims, the fol-
lowing terms take the meanings explicitly associated herein,
unless the context clearly dictates otherwise. The phrase “in
one embodiment” as used herein does not necessarily refer
to the same embodiment, though 1t may. Furthermore, the
phrase “in another embodiment” as used herein does not
necessarily refer to a different embodiment, although 1t may.
Thus, as described below, various embodiments of the
invention may be readily combined, without departing from
the scope or spirit of the mvention.

[0048] In addition, as used herein, the term “or” 1s an
inclusive “or” operator and 1s equivalent to the term “and/
or’ unless the context clearly dictates otherwise. The term
“based on” 1s not exclusive and allows for being based on
additional factors not described, unless the context clearly
dictates otherwise. In addition, throughout the specification,
the meaning of “a”, “an”, and “the” include plural refer-
ences. The meaning of “in” includes “in” and “‘on

[0049] As used herein, a “nucleic acid” or a “nucleic acid
sequence” refers to a polymer or oligomer of pyrimidine
and/or purine bases, preferably cytosine, thymine, and ura-
cil, and adenine and guanine, respectively (See Albert L.
Lehninger, Principles of Biochemistry, at 793-800 (Worth
Pub. 1982)). The present technology contemplates any
deoxyribonucleotide, rbonucleotide, or peptide nucleic acid
component, and any chemical varniants thereof, such as
methylated, hydroxymethylated, or glycosylated forms of
these bases, and the like. The polymers or oligomers may be
heterogenous or homogenous in composition, and may be
1solated from naturally occurring sources or may be artifi-
cially or synthetically produced. In addition, the nucleic
acids may be DNA or RNA, or a mixture thereof, and may
exist permanently or transitionally in single-stranded or
double-stranded form, including homoduplex, heteroduplex,
and hybrid states. In some embodiments, a nucleic acid or
nucleic acid sequence comprises other kinds of nucleic acid
structures such as, for mstance, a DNA/RNA helix, peptide
nucleic acid (PNA), morpholino, locked nucleic acid (LNA),
and/or a nbozyme. Hence, the term “nucleic acid” or
“nucleic acid sequence” may also encompass a chain com-
prising non-natural nucleotides, modified nucleotides, and/
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or non-nucleotide building blocks that can exhibit the same
function as natural nucleotides (e.g., “nucleotide ana-
logues™); further, the term “nucleic acid sequence” as used
herein refers to an oligonucleotide, nucleotide or polynucle-
otide, and fragments or portions thereof, and to DNA or
RINA of genomic or synthetic origin, which may be single or
double stranded, and represent the sense or antisense strand.

[0050] The term “nucleotide analogue™ as used herein
refers to modified or non-naturally occurring nucleotides
including but not limited to analogues that have altered
stacking interactions such as 7-deaza purines (i.e., 7-deaza-
dATP and 7-deaza-dGTP); base analogues with alternative
hydrogen bonding configurations (e.g., such as Iso-C and
Iso-G and other non-standard base pairs described in U.S.
Pat. No. 6,001,983 to S. Benner and herein incorporated by
reference); non-hydrogen bonding analogues (e.g., non-
polar, aromatic nucleoside analogues such as 2,4-difluoro-
toluene, described by B. A. Schweitzer and E. T. Kool, .
Org. Chem., 1994, 59, 7238-7242, B. A. Sehweltzer and =N
T. Kool, . Am Chem. Soc., 1995, 117, 1863-1872; each of
which 1s herein 111eerperated by reference) umversal”
bases such as S-nitroindole and 3-mitropyrrole; and universal
purines and pyrimidines (such as “K” and “P” nucleotides,
respectively; P. Kong, et al., Nucleic Acids Res., 1989, 17,
10373-10383, P. Kong et al., Nucleic Acids Res., 1992, 20,
5149-5152). Nucleotide analogues include nucleotides hav-
ing modification on the sugar moiety, such as dideoxy
nucleotides and 2'-O-methyl nucleotides. Nucleotide ana-
logues include modified forms of deoxyribonucleotides as
well as ribonucleotides.

[0051] “Peptide nucleic acid” means a DNA mimic that
incorporates a peptide-like polyamide backbone.

[0052] As used herein, the term “% sequence i1dentity™
refers to the percentage of nucleotides or nucleotide ana-
logues 1n a nucleic acid sequence that 1s 1dentical with the
corresponding nucleotides 1n a reference sequence after
aligning the two sequences and mtroducing gaps, 1f neces-
sary, to achieve the maximum percent identity. Hence, 1n
case a nucleic acid according to the technology 1s longer
than a reference sequence, additional nucleotides in the
nucleic acid, that do not align with the reference sequence,
are not taken 1nto account for determiming sequence identity.
Methods and computer programs for alignment are well

known 1n the art, including blastn, Align 2, and FASTA.

[0053] The term “homology™ and “homologous” refers to
a degree of i1dentity. There may be partial homology or
complete homology. A partially homologous sequence 1s one
that 1s less than 100% identical to another sequence.

[0054] The term “sequence variation™ as used herein refers
to differences 1n nucleic acid sequence between two nucleic
acids. For example, a wild-type structural gene and a mutant
form of thus wild-type structural gene may vary 1n sequence
by the presence of single base substitutions and/or deletions
or msertions of one or more nucleotides. These two forms of
the structural gene are said to vary in sequence from one
another. A second mutant form of the structural gene may
exist. This second mutant form 1s said to vary in sequence
from both the wild-type gene and the first mutant form of the
gene.

[0055] As used herein, the terms “complementary” or
“complementarity” are used in reference to polynucleotides
(e.g., a sequence of nucleotides such as an oligonucleotide
or a target nucleic acid) related by the base-pairing rules. For
example, for the sequence “5'-A-G-1-3"" 1s complementary
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to the sequence “3'-T-C-A-3." Complementarity may be
“partial,” 1n which only some of the nucleic acids’ bases are
matched according to the base pairing rules. Or, there may
be “complete” or “total” complementarity between the
nucleic acids. The degree of complementarity between
nucleic acid strands has significant effects on the efliciency
and strength of hybridization between nucleic acid strands.
This 1s of particular importance 1n amplification reactions, as
well as detection methods that depend upon binding between
nucleic acids. Either term may also be used 1n reference to
individual nucleotides, especially within the context of
polynucleotides. For example, a particular nucleotide within
an oligonucleotide may be noted for its complementarity, or
lack thereof, to a nucleotide within another nucleic acid
strand, 1 contrast or comparison to the complementarity
between the rest of the oligonucleotide and the nucleic acid

strand.
[0056] In some contexts, the term “complementarity” and
related terms (e.g., “‘complementary”, “complement”) refers
to the nucleotides of a nucleic acid sequence that can bind
to another nucleic acid sequence through hydrogen bonds,
¢.g., nucleotides that are capable of base pairing, e.g., by
Watson-Crick base pairing or other base pairing. Nucleo-
tides that can form base pairs, e.g., that are complementary
to one another, are the pairs: cytosine and guamine, thymine
and adenine, adenine and uracil, and guanine and uracil. The
percentage complementarity need not be calculated over the
entire length of a nucleic acid sequence. The percentage of
complementarity may be limited to a specific region of
which the nucleic acid sequences that are base-paired, e.g.,
starting from a first base-paired nucleotide and ending at a
last base-paired nucleotide. The complement of a nucleic
acid sequence as used herein refers to an oligonucleotide
which, when aligned with the nucleic acid sequence such
that the 5' end of one sequence 1s paired with the 3' end of
the other, 1s 1n “antiparallel association.” Certain bases not
commonly found 1n natural nucleic acids may be included 1n
the nucleic acids of the present invention and include, for
example, mosine and 7-deazaguanine Complementarity
need not be perfect; stable duplexes may contain mis-
matched base pairs or unmatched bases. Those skilled 1n the
art of nucleic acid technology can determine duplex stability
empirically considering a number of variables including, for
example, the length of the oligonucleotide, base composition
and sequence of the oligonucleotide, ionic strength and

incidence of mismatched base pairs.

[0057] Thus, 1n some embodiments, “complementary™
refers to a first nucleobase sequence that 1s at least 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, or 99%
identical to the complement of a second nucleobase
sequence over aregionof 8,9, 10, 11,12, 13, 14, 15,16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95, 100, or more nucleobases, or that the
two sequences hybridize under stringent hybridization con-
ditions. “Fully complementary” means each nucleobase of a
first nucleic acid 1s capable of pairing with each nucleobase
at a corresponding position 1 a second nucleic acid. For
example, 1 certain embodiments, an oligonucleotide
wherein each nucleobase has complementarity to a nucleic
acid has a nucleobase sequence that i1s identical to the
complement of the nucleic acid over aregion of 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30, 35,
40, 45, 30, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, or more
nucleobases.
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[0058] “Mismatch” means a nucleobase of a first nucleic
acid that 1s not capable of pairing with a nucleobase at a
corresponding position of a second nucleic acid.

[0059] As used herein, the term “hybridization™ 1s used 1n
reference to the pairing of complementary nucleic acids.
Hybridization and the strength of hybridization (1.e., the
strength of the association between the nucleic acids) 1s
influenced by such factors as the degree of complementary
between the nucleic acids, stringency of the conditions
involved, and the T, of the formed hybnd. “Hybridization™
methods ivolve the annealing of one nucleic acid to
another, complementary nucleic acid, 1.e., a nucleic acid
having a complementary nucleotide sequence. The ability of
two polymers of nucleic acid containing complementary
sequences to find each other and anneal through base pairing
interaction 1s a well-recogmized phenomenon. The mitial
observations of the “hybridization” process by Marmur and
Lane, Proc. Natl. Acad. Sc1. USA 46:453 (1960) and Doty et
al., Proc. Natl. Acad. Sci. USA 46:461 (1960) have been
followed by the refinement of this process mto an essential
tool of modern biology.

[0060] As used herein, the term “T, ” 1s used 1n reference
to the “melting temperature.” The melting temperature 1s the
temperature at which a population of double-stranded
nucleic acid molecules becomes half dissociated into single
strands. Several equations for calculating the T = of nucleic
acids are well known 1n the art. As indicated by standard
references, a simple estimate of the T value may be
calculated by the equation: T, =81.54+0.41*(% G+C), when
a nucleic acid 1s 1 aqueous solution at 1 M NaC(l (see e.g.,
Anderson and Young, Quantitative Filter Hybrnidization, in
Nucleic Acid Hybridization (1985). Other references (e.g.,
Allaw1 and SantalLucia, Biochemistry 36: 10581-94 (1997)
include more sophisticated computations which account for
structural, environmental, and sequence characteristics to
calculate T, . For example, in some embodiments these
computations provide an improved estimate of T, for short
nucleic acid probes and targets (e.g., as used in the
examples).

[0061] As used herein, a “non-coding RNA” or “ncRNA”

1s a functional RNA molecule that 1s not translated into a

protein. Less-frequently used synonyms are non-protein-
coding RNA (npcRNA), non-messenger RNA (nmRNA),

small non-messenger RNA (snmRNA), and functional RNA
(IRNA). The term small RNA (sRNA) 1s often used for

bacterial ncRNAs. The DNA sequence from which a non-
coding RINA 1s transcribed as the end product 1s often called
an RNA gene or a non-coding RNA gene. Non-coding RNA

genes mclude highly abundant and functionally important
RNAs such as transfer RNA (tRNA) and nbosomal RNA

(rRNA), as well as RNAs such as snoRNAs, microRNAs,
siRNAs, and piRNAs. The number of ncRNAs encoded
within the human genome i1s unknown, however recent
transcriptomic and bioinformatic studies suggest the exis-
tence of thousands of ncRNAs. Since most of the newly
identified ncRNAs have not been validated for their func-
tion, it 1s possible that many are non-functional.

[0062] As used herein, the term “miRNA” refers to micro
RNA. As used herein, the term “miRNA target sequence”
refers to a miRNA that 1s to be detected (e.g., 1n the presence
of other nucleic acids). In some embodiments, a miRNA
target sequence 1s a variant ol a miRNA.

[0063] The term “siRNAs” refers to short interfering
RNAs. In some embodiments, siRNAs comprise a duplex,
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or double-stranded region, where each strand of the double-
stranded region 1s about 18 to 25 nucleotides long; the
double-stranded region can be as short as 16, and as long as
29, base paitrs long, where the length 1s determined by the
antisense strand. Often s1iRNAs contain from about two to
four unpaired nucleotides at the 3' end of each strand.
S1IRNAs appear to function as key intermediates 1n trigger-
ing RN A interference in invertebrates and 1n vertebrates, and
in triggering sequence-specific RNA degradation during
posttranscriptional gene silencing in plants. At least one
strand of the duplex or double-stranded region of a siRNA
1s substantially homologous to or substantially complemen-
tary to a target RNA molecule. The strand complementary to
a target RNA molecule 1s the “antisense” strand; the strand
homologous to the target RNA molecule 1s the “sense”
strand and 1s also complementary to the siRNA antisense
strand. One strand of the double stranded region need not be
the exact length of the opposite strand thus, one strand may
have at least one fewer nucleotides than the opposite
complementary strand, resulting in a “bubble” or at least one
unmatched base in the opposite strand. One strand of the
double-stranded region need not be exactly complementary
to the opposite strand; thus, the strand, preferably the sense
strand, may have at least one mismatched base patr.
[0064] siRNAs may also contain additional sequences;
non-limiting examples of such sequences include linking
sequences, or loops, which connect the two strands of the
duplex region. This form of siRNAs may be referred to
“s1-like RNA”, “short hairpin siRNA” where the short refers
to the duplex region of the siRNA, or “hairpin siRNA”.
Additional non-limiting examples of additional sequences
present 1n s1IRNAs include stem and other folded structures.
The additional sequences may or may not have known
functions; non-limiting examples of such functions 1nclude
increasing stability of an siRNA molecule, or providing a
cellular destination signal.

[0065] “‘Pre-miRNA” or “pre-miR” means a non-coding
RNA having a hairpin structure, which is the product of
cleavage of a pri-miR by the double-stranded RNA-specific
ribonuclease known as Drosha.

[0066] “‘Stem-loop sequence” means an RNA having a
hairpin structure and containing a mature miRNA sequence.
Pre-miRNA sequences and stem-loop sequences may over-
lap. Examples of stem-loop sequences are found in the
miRNA database known as miRBase (available at the world-
wide web at microma.sanger.ac.uk).

[0067] “Pri-miRNA” or “pri-miR” means a non-coding
RNA having a hairpin structure that 1s a substrate for the
double-stranded RNA-specific ribonuclease Drosha.

[0068] “miRNA precursor” means a transcript that origi-
nates from a genomic DNA and that comprises a non-
coding, structured RNA comprising one or more miRNA
sequences. For example, 1n certain embodiments a miRNA
precursor 1s a pre-miRNA. In certamn embodiments, a
miRNA precursor 1s a pri-miRNA.

[0069] The term “gene” refers to a DNA sequence that
comprises control and coding sequences necessary for the
production of an RNA having a non-coding function (e.g., a
ribosomal or transier RNA), a polypeptide or a precursor.
The RNA or polypeptide can be encoded by a full length
coding sequence or by any portion of the coding sequence so
long as the desired activity or function 1s retained.

[0070] The term “wild-type” refers to a gene or a gene
product that has the characteristics of that gene or gene
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product when 1solated from a naturally occurring source. A
wild-type gene 1s that which 1s most frequently observed in
a population and 1s thus arbitrarily designated the “normal”
or “wild-type” form of the gene. In contrast, the term
“modified,” “mutant,” or “polymorphic” refers to a gene or
gene product that displays modifications in sequence and or
functional properties (1.e., altered characteristics) when
compared to the wild-type gene or gene product. It 1s noted
that naturally-occurring mutants can be 1solated; these are
identified by the fact that they have altered characteristics
when compared to the wild-type gene or gene product.

[0071] The term “oligonucleotide” as used herein 1is
defined as a molecule comprising two or more deoxyribo-
nucleotides or ribonucleotides, preferably at least 5 nucleo-
tides, more preferably at least about 10 to 15 nucleotides and
more preferably at least about 15 to 30 nucleotides. The
exact size will depend on many factors, which 1 turn
depend on the ultimate function or use of the oligonucle-
otide. The oligonucleotide may be generated 1n any manner,
including chemical synthesis, DNA replication, reverse tran-
scription, PCR, or a combination thereof.

[0072] Because mononucleotides are reacted to make oli-
gonucleotides 1n a manner such that the 5' phosphate of one
mononucleotide pentose ring 1s attached to the 3' oxygen of
its neighbor 1n one direction via a phosphodiester linkage, an
end of an oligonucleotide 1s referred to as the “5' end” 1t 1ts
5! phosphate 1s not linked to the 3' oxygen of a mononucle-
otide pentose ring and as the “3' end” 11 1ts 3' oxygen 1s not
linked to a 3' phosphate of a subsequent mononucleotide
pentose ring. As used herein, a nucleic acid sequence, even
if internal to a larger oligonucleotide, also may be said to
have 3' and 3' ends. A first region along a nucleic acid strand
1s said to be upstream ol another region 11 the 3' end of the
first region 1s before the 5' end of the second region when
moving along a strand of nucleic acid 1n a 5' to 3" direction.

[0073] When two different, non-overlapping oligonucle-
otides anneal to different regions of the same linear comple-
mentary nucleic acid sequence, and the 3' end of one
oligonucleotide points towards the 5' end of the other, the
former may be called the “upstream” oligonucleotide and
the latter the “downstream™ oligonucleotide. Similarly,
when two overlapping oligonucleotides are hybridized to the
same linear complementary nucleic acid sequence, with the
first oligonucleotide positioned such that 1ts 5' end 1s
upstream of the 5' end of the second oligonucleotide, and the
3" end of the first oligonucleotide 1s upstream of the 3' end
ol the second oligonucleotide, the first oligonucleotide may
be called the “upstream” oligonucleotide and the second
oligonucleotide may be called the “downstream™ oligo-
nucleotide.

[0074] As used herein, the terms “subject” and “patient™
refer to any organisms including plants, microorganisms,
and animals (e.g., mammals such as dogs, cats, livestock,
and humans).

[0075] The term “sample” 1n the present specification and
claims 1s used 1n 1ts broadest sense. On the one hand 1t 1s
meant to include a specimen or culture (e.g., microbiological
cultures). On the other hand, 1t 1s meant to include both
biological and environmental samples. A sample may
include a specimen of synthetic origin.

[0076] As used herein, a “biological sample” refers to a
sample of biological tissue or fluid. For instance, a biologi-
cal sample may be a sample obtained from an animal
(1including a human); a flmd, solid, or tissue sample; as well
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as liquid and solid food and feed products and ingredients
such as dairy items, vegetables, meat and meat by-products,
and waste. Biological samples may be obtained from all of
the various families of domestic animals, as well as feral or
wild animals, including, but not limited to, such animals as
ungulates, bear, fish, lagomorphs, rodents, etc. Examples of
biological samples 1include sections of tissues, blood, blood
fractions, plasma, serum, urine, or samples from other
peripheral sources or cell cultures, cell colonies, single cells,
or a collection of single cells. Furthermore, a biological
sample includes pools or mixtures of the above mentioned
samples. A biological sample may be provided by removing
a sample of cells from a subject, but can also be provided by
using a previously 1solated sample. For example, a tissue
sample can be removed from a subject suspected of having
a disease by conventional biopsy techniques. In some
embodiments, a blood sample 1s taken from a subject. A
biological sample from a patient means a sample from a
subject suspected to be affected by a disease.

[0077] Environmental samples include environmental
material such as surface matter, soil, water, and industrial
samples, as well as samples obtained from food and dairy
processing mstruments, apparatus, equipment, utensils, dis-
posable and non-disposable 1tems. These examples are not to
be construed as limiting the sample types applicable to the
present mvention.

[0078] The term “label” as used herein refers to any atom
or molecule that can be used to provide a detectable (pret-
erably quantifiable) effect, and that can be attached to a
nucleic acid or protein. Labels include, but are not limited to,
dyes (e.g., fluorescent dyes or moities); radiolabels such as
*?P; binding moieties such as biotin; haptens such as digox-
genin; luminogenic, phosphorescent, or fluorogenic moi-
cties; mass tags; and tluorescent dyes alone or 1n combina-
tion with moieties that can suppress or shift emission spectra
by tluorescence resonance energy transier (FRET). Labels
may provide signals detectable by fluorescence, radioactiv-
ity, colorimetry, gravimetry, X-ray diflraction or absorption,
magnetism, enzymatic activity, characteristics of mass or
behavior affected by mass (e.g., MALDI time-of-tlight mass
spectrometry; fluorescence polarization), and the like. A
label may be a charged moiety (positive or negative charge)
or, alternatively, may be charge neutral. Labels can include
or consist of nucleic acid or protein sequence, so long as the
sequence comprising the label 1s detectable.

[0079] ““Support” or “solid support”, as used herein, refers
to a matrix on or 1n which nucleic acid molecules, micropar-
ticles, and the like may be immobilized, e.g., to which they
may be covalently or noncovalently attached or in or on
which they may be partially or completely embedded so that
they are largely or entirely prevented from diffusing freely
or moving with respect to one another.

[0080] As used herein, “moiety” refers to one of two or

more parts into which something may be divided, such as,
for example, the various parts of an oligonucleotide, a

molecule, a chemical group, a domain, a probe, efc.

[0081] As used herein, a “query probe™ 1s any entity (e.g.,
molecule, biomolecule, etc.) that recognizes a nucleic acid
(e.g., binds to a nucleic acid, e.g., binds specifically to a
nucleic acid). In exemplary embodiments, the query probe 1s
a protein that recognizes a nucleic acid (e.g., a nucleic acid
binding protein, an antibody, a transcription factor, or any
other protein that binds to a particular sequence 1n a nucleic
acid). In some other exemplary embodiments, the query
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probe 1s a nucleic acid (e.g., a DNA, an RNA, a nucleic acid
comprising DNA and RNA, a nucleic acid comprising
modified bases and/or modified linkages between bases;
¢.g., a nucleic acid as described hereinabove). In some
embodiments, the query probe 1s labeled, e.g., with a detect-
able label such as, e.g., a fluorescent moiety as described
heremn. In some embodiments, the query probe comprises
more than one type of molecule (e.g., more than one of a
protein, a nucleic acid, a chemical linker or a chemical
moiety).

[0082] As used herein, a “capture probe” 1s any enfity
(e.g., molecule, biomolecule, etc.) that recognizes a nucleic
acid (e.g., binds to a nucleic acid, e.g., binds specifically to
a nucleic acid). In exemplary embodiments, the capture
probe 1s a protein that recognizes a nucleic acid (e.g., a
nucleic acid binding protein, an antibody, a transcription
factor, or any other protemn that binds to a particular
sequence 1 a nucleic acid). In some other exemplary
embodiments, the capture probe 1s a nucleic acid (e.g., a
DNA, an RNA, a nucleic acid comprising DNA and RNA,
a nucleic acid comprising modified bases and/or modified
linkages between bases; e.g., a nucleic acid as described
hereinabove). In some embodiments, the capture probe 1s
labeled, e.g., with a detectable label such as, e.g., a fluores-
cent moiety as described herein. In some embodiments, the
capture probe comprises more than one type of molecule
(e.g., more than one of a protein, a nucleic acid, a chemical
linker or a chemical moiety).

[0083] Although the disclosure herein refers to certain
illustrated embodiments, 1t 1s to be understood that these
embodiments are presented by way of example and not by
way ol limitation.

DESCRIPTION

[0084] Provided herein are embodiments of a technique
for the specific and ultrasensitive detection of single nucleic
acids (e.g., DNA, RNA (e.g., microRNAs (miRNAs),
mRNA, ncRNA)). In some embodiments, a labeled nucleic
acid 1s detected, e.g., using an mstrument to detect a signal
produced by the label. For instance, some embodiments
comprise use ol a detectably labeled (e.g., fluorescently
labeled) query probe and a detector of fluorescence emission
such a fluorescent microscopy technique. In some embodi-
ments, the technology finds use as a diagnostic tool for
identifying mutant or aberrantly expressed nucleic acid
targets 1n biological samples. In some embodiments, this
approach involves the capture of unlabeled nucleic acids
(e.g., DNA, RNA (e.g., microRNAs (miRNAs), mRNA,
ncRNA)) on a solid support (e.g., glass or fused silica) using
a capture probe (e.g., a locked nucleic acid (LNA)) that
specifically binds one segment of the target, followed by
observation of the repeated, transient binding of a short
detectably labeled (e.g., fluorescently labeled) nucleic acid
(e.g., DNA) query probe to a second segment of the target.
[0085] Existing techniques for nucleic acid (e.g., DNA,
RNA (e.g., microRNAs (miRNAs), mRNA, ncRNA)) detec-
tion utilize probes that form a thermodynamically stable
complex with the target molecule, and are thus limited to
weak and often unreliable thermodynamic discrimination
against background signal or spurious targets. In contrast,
the technology described herein utilizes probes that repeat-
edly bind to the target molecule and related methods to
record the large number of independent binding events that
occur for each observed target molecule. This repeated
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kinetic sampling provides a unique kinetic “fingerprint” for
the target and provides for a highly specific and sensitive
detection of nucleic acids, 1n particular short nucleic acids,
e.g., nucleic acids comprising less than 100, less than 90,
less than 80, less than 70, less than 60, less than 50, less than
435, less than 40, less than 35, less than 34, less than 33, less
than 32, less than 31, less than 30, less than 29, less than 28,
less than 27, or less than 235 bases or nucleotides (e.g., a
mi1RNA). In some embodiments, the technology provides for
the discrimination of two nucleic acid molecules that differ
by as few as one nucleotide. In some embodiments, the
technology provides for the discrimination of two nucleic
acid molecules when one of the two nucleic acid molecules
1s present 1n a large excess (e.g., 10x; 100x; 1000x; 10,000xX;
or 1,000,000 or more 1n excess).

Poisson Processes

[0086] Embodiments of the technology are related to
single-molecule recognition by recording the characteristic
kinetics of a probe binding to a target. In particular embodi-
ments, this process 1s a Poisson process. A Poisson process
1s a confinuous-time stochastic process that counts the
number of events and the time that events (e.g., transient
binding of a detectably labeled (e.g., fluorescent) query
probe to an immobilized target) occur 1mn a given time
interval. The time 1nterval between each pair of consecutive
events has an exponential distribution and each interval 1s
assumed to be independent of other intervals. The Poisson
distribution 1s a discrete probability distribution that
expresses the probability of a given number of the events
occurring in the given time interval if these events occur
with a known average rate and independently of the time
since the last event. The Poisson distribution can also be
used for the number of events 1n other specified intervals
such as distance, area, or volume.

[0087] A Poisson distribution 1s a special case of the
general binomial distribution where the number of trials n 1s
large, the probability of success p 1s small, and the product
np=A is moderate. In a Poisson process, the probability that
a number of events N 1s j at any arbitrary time t follows the
Poisson probability distribution P(t):

e My (1)

That 1s, the number N of events that occur up to time t has
a Poisson distribution with parameter At. Statistical and
mathematical methods relevant to Poisson processes and
Poisson distributions are known 1n the art. See, e.g., “Sto-
chastic Processes (1): Poisson Processes and Markov
Chains™ 1n Statistics for Biology and Health—>Statistical
Methods in Bioinformatics (Ewans and Grant, eds.),
Springer (New York, 2001), page 129 et seq., incorporated
herein by reference 1n 1ts enfirety. Software packages such as
Matlab and R may be used to perform mathematical and
statistical methods associated with Poisson processes, prob-
abilities, and distributions.

Kinetics of Detection

[0088] Particular embodiments of the technology are
related to detecting a nucleic acid by analyzing the kinetics
of the interaction of a query probe with a query region of a
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target nucleic acid to be detected. For the interaction of a
query probe Q (e.g., at an equlibrium concentration [Q])
with a target nucleic acid T (e.g., at an equilibrium concen-
tration [T]), the kinetic rate constant k__ describes the
time-dependent formation of the complex QT comprising
the probe (Q hybridized to the query region of the target
nucleic acid T. In particular embodiments, while the forma-
tion of the QT complex 1s associated with a second order rate
constant that 1s dependent on the concentration of query
probe and has units of M~ 'min~" (or the like), the formation
of the QT complex 1s sufficiently described by a k__ that 1s
a pseudo-first order rate constant associated with the forma-
tion of the QT complex. Thus, as used herein, k__ 1s an
apparent (“pseudo’) first-order rate constant.

[0089] Likewise, the kinetic rate constant K, - describes the
time-dependent dissociation of the complex QT into the
probe (Q and the target nucleic acid T. Kinetic rates are
typically provided herein in units of min~' ors~'. The “dwell
time” of the query probe Q 1n the bound state (t_ ) 1s the
time interval (e.g., length of time) that the probe Q 1s
hybridized to the query region of the target nucleic acid T
during each instance of query probe Q binding to the query
region of the target nucleic acid T to form the QT complex.
The “dwell time” of the query probe Q 1n the unbound state
(T_-) 1s the time 1nterval (e.g., length of time) that the probe
Q 1s not hybrnidized to the query region of the target nucleic
acid T between each instance of query probe (Q binding to
the query region of the target nucleic acid T to form the QT
complex (e.g., the time the query probe Q 1s dissociated
from the target nucleic acid T between successive binding
events of the query probe QQ to the target nucleic acid T).
Dwell times may be provided as averages or weighted
averages integrating over numerous binding and non-bind-
Ing events.

[0090] Further, 1n some embodiments, the repeated, sto-
chastic binding of probes (e.g., detectably labeled query
probes (e.g., fluorescent probes), e.g., nucleic acid probes
such as DNA or RNA probes) to immobilized targets 1s
modeled as a Poisson process occurring with constant prob-
ability per unit time and 1n which the standard deviation 1n
the number of binding and dissociation events per unit time
(N,. ) increases as (N, )'””. Thus, the statistical noise
becomes a smaller fraction of N, , as the observation time
1s mncreased. Accordingly, the observation 1s lengthened as
needed 1n some embodiments to achieve discrimination
between target and off-target binding. And, as the acquisition
time 1s increased, the signal and background peaks in the
N, _  histogram become increasingly separated and the width
of the s1gnal distribution increases as the square root of N, __,
consistent with kinetic Monte Carlo simulations. During the
development of embodiments of the technology provided
herein, data indicated that an acquisition time of approxi-
mately 10 minutes (e.g., approximately 1 to 100 minutes,
eg.1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 30, 40, 50, 60, 70, 80, 90, or 100 minutes) yields
sufficient (e.g., complete) separation of the signal from
background distributions of N, ,, providing for substan-
tially background-free quantification of the target.

[0091] Further, 1n some embodiments the probe length 1s
chosen to provide sufficient separation of signal and back-
ground peaks on convenient experimental time scales. In
particular, the kinetics of query probe exchange are related
to the number of complementary bases between the query
probe and target nucleic acid. For instance, 1n some embodi-
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ments, the interaction of a short DNA probe with 1ts comple-
ment 1ncreases as an approximately exponential function of
the number of base pairs formed, while the rate constant of
binding 1s affected only weakly for interactions comprising,
at least 6 to 7 base pairs. Thus, varying query probe length
provides for tuning the kinetic behavior to improve discrimi-
nation of query probe binding events to the target from
background binding. During experiments conducted during,
the development of embodiments of the technology pro-
vided herein, data were collected indicating that a query
(e.g., fluorescent) probe length of 9 nt to 10 nt (providing
theoretical T, values of 17.5° C. to 25° C.) vields rapid
target binding that 1s distinguished from background signal,
as displayed 1n histograms of intensity transitions per can-
didate molecule in the presence and absence of target.
Further, in some embodiments the kinetics of binding and
dissociation are more closely correlated to probe length than
to the melting temperature of the duplex. While some
embodiments comprise use of a probe having a length of 9
to 10 nt, the technology 1s not limited by this length. Indeed,
use of probes longer or shorter than 9 to 10 nt 1s contem-
plated by the technology, e.g., as discussed throughout.

Compositions

[0092] Some embodiments provide compositions, reaction
mixtures, and complexes comprising a plurality of mol-
ecules for detecting one or more nucleic acids. These
compositions, reaction mixtures, and complexes comprise,
in some embodiments, a nucleic acid (e.g., a target nucleic
acid) that 1s to be detected, i1dentified, quantified, and/or
characterized; a capture probe (e.g., a nucleic acid capture
probe); and a detectably labeled (e.g., fluorescent) query
probe (see, e.g., FIG. 1A and FIG. 1B).

[0093] The nucleic acid to be detected, characterized,
quantified, and/or identified (e.g., the target nucleic acid)
comprises two regions. One region (e.g., the capture region)
1s sufliciently complementary to a capture probe (e.g., for
immobilization of the nucleic acid to a solid support) and the
other region (e.g., the query region) 1s complementary to a
labeled (e.g., fluorescently labeled) query probe (e.g., for
kinetic detection of the nucleic acid) (see FIG. 1A and FIG.
1B). The query region 1s typically from 6 to 12 nucleotides
(e.g.,6,7,8,9,10, 11, or 12 nucleotides) and the length 1s
defined 1n part by the length and sequence of the query
probe. The capture region typically comprises at least 10
nucleotides. Thus, the target nucleic acid typically com-
prises, €.g., at least 16 nucleotides, but may be shorter in
some embodiments. The target nucleic acid may be RNA,
DNA, or a modified form of RNA or DNA. The target
nucleic acid may comprise a mixture of DNA and RNA.
[0094] The capture probe forms a thermodynamically
stable hybrid with the nucleic acid capture region. The
thermodynamically stable hybrid immobilizes the nucleic
acid (e.g., to a solid support, e.g., a solid support to which
the capture probe 1s attached) (see FIG. 1A). In some
embodiments, the capture probe provides a preliminary
specificity filter by capturing a subset of nucleic acid mol-
ecules 1n a sample, e.g., the capture probe captures the
nucleic acid molecules that comprise a sequence within the
capture region that i1s sufliciently complementary to the
capture probe to eflect formation of a thermodynamically
stable complex. The capture probe, however, 1s not respon-
sible for the kinetic fingerprinting that 1s the hallmark of the
technology as described herein.
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[0095] In some embodiments, one or more nucleotides of
the capture probe comprise a modified nucleotide (e.g., a
locked nucleic acid (LNA)) (see FIG. 1B, underlined
nucleotides in exemplary capture probe sequence). A locked
nucleic acid 1s a modified RNA nucleotide wherein the
ribose moiety of the nucleotide 1s modified to connect the 2'
oxygen and 4' carbon. The connection “locks” the ribose 1n
the 3'-endo (“North”) conformation, which 1s often found in
A-form duplexes. In some embodiments, LNA nucleotides
are mixed with DNA or RNA residues 1n the oligonucleotide
whenever desired. Such oligomers are synthesized chemi-
cally and are commercially available. The locked ribose
conformation enhances base stacking and backbone pre-
organization, which significantly increases the hybridization
properties (€.g., increases thermodynamic stability and melt-
ing temperature) ol oligonucleotides. Accordingly, LNA
nucleotides increase the sensitivity and specificity of probes
and other molecular biology techniques based on the hybrid-
ization of oligonucleotides.

[0096] In some embodiments, the capture probe 1is
attached or fixed to a solid support. In some embodiments,
the capture probe comprises a moiety that provides for the
immobilization of the capture probe to a solid support by
interaction of the moiety with a second moiety attached to
the solid support. The capture probe may be fixed directly or
indirectly to a solid support (FIG. 1A).

[0097] Any of a variety of materials may be used as a
support for the capture probe, e.g., matrices or particles
made of mitrocellulose, nylon, glass, polyacrylate, mixed
polymers, polystyrene, silane polypropylene, and magneti-
cally attractable materials. A planar surface i1s a preferred
support for imaging by microscopy as described herein (see,
¢.g., the examples). A capture probe may be immobilized by
linking 1t directly to the solid support, e.g., by using any of
a variety of covalent linkages, chelation, or 1onic interaction,
or may be immobilized by linking 1t indirectly via one or
more linkers joined to the support. In some embodiments,
the linker 1s a nucleic acid; 1n some embodiments, the linker
1s a nucleic acid comprising one or more nucleotides that
1s/are not mtended to hybridize (e.g., that do not hybridize)
to the target nucleic acid capture region but that are intended
to act as a spacer between the capture probe and its solid
support.

[0098] Insome embodiments, the capture probe comprises
a biotin group (e.g., the capture probe 1s biotinylated) and
the solid support comprises a streptavidin group (e.g.,
attached to the solid support by a linker moiety, e.g., a
polyethylene glycol (PEG) linker). The specific interaction
of the biotin and streptavidin thus immobilizes the capture
probe to the solid support (FIG. 1A).

[0099] Various other chemical methods can be employed
for the immobilization of probes to a solid support. An
example of such a method 1s to use a combination of a
maleimide group and a thiol (—SH) group. In this method,
a thiol (—SH) group 1s bonded to the terminal of a probe,
and the solid support comprises a maleimide group. Accord-
ingly, the thiol group of the probe reacts with the maleimide
group on the solid support to form a covalent bond, whereby
the probe 1s immobilized. Introduction of the maleimide
group can utilize a process of firstly allowing a reaction
between a glass substrate and an aminosilane coupling agent
and then imtroducing the maleimide group onto the glass
substrate by a reaction of the amino group with an EMCS
reagent (N-(6-maleimidocaproyloxy)succimmide, available
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from Dojindo). Introduction of the thiol group to a DNA can
be carried out using 5'-Thiol-Modifier C6 (available from
Glen Research) when the DNA 1s synthesized by an auto-
matic DNA synthesizer.

[0100] Instead of the above-described combination of a
thiol group and a maleimide group, a combination of, e.g.,
an epoxy group (on the solid support) and an amino group
(nucleic acid probe terminal), 1s used 1n some embodiments
as a combination of functional groups for immobilization.
Surface treatments using various kinds of silane coupling
agents are also eflective. Other techniques for the attachment
of nucleic acid molecules to solid supports and solid sur-
faces include those provided by, e.g., Adess1 et al. (2003)
“Solid Phase DNA Amplification: Characterization of
Primer Attachment and Amplification Mechanisms™ Nucleic
Acids Res. 28: e87; Call et al. (2001) “Fabrication of DNA
Microarrays Using Unmodified Oligonucleotide Probes™
BioTechniques 30: 368-379; Guo et al. (1994) “Direct
Fluorescence Analysis of Genetic Polymorphisms by
Hybridization with Oligonucleotide Arrays on Glass Sup-
ports” Nucleic Acids Res. 22: 5456-5465, each of which 1s

incorporated herein 1t 1ts entirety.

[0101] In some embodiments, the capture probe 1s sub-
stantially or exactly complementary to at least a portion of
the target nucleic acid (e.g., to at least a portion of the
capture region of the target nucleic acid). In some embodi-
ments related to capture probes that are nucleic acids, the
capture probe may be any length of nucleotides, e.g., from
approximately 10 to approximately 300 nucleotides or
nucleobases (e.g., 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39,40, 41, 42, 43, 44, 45, 50, 35, 60, 635, 70, 75, 80,
85, 90, 100, 150, 200, 250, 300, 350, 400, 450, or 500 or
more nucleotides or nueleebases) The capture probe com-
prises a target binding reglen that 1s sufliciently comple-
mentary to the capture region of the target nucleic acid to
form a thermodynamically stable hybrid and thus 1immobi-
lize the target nucleic acid to the solid support. The target
binding region and the capture region are suiliciently
complementary and each typically comprises approximately
10 to 100 or more nucleotides or nucleobases (e.g., 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 30, 55, 60, 65,70, 73, 80, 85, 90, 100, 150, 200, 230,
300, 350, 400, 450, or 500 or more nucleotides or nucle-
obases). The capture probe 1s typically provided in single-
stranded form, or, 11 not, 1s denatured to single-stranded form
before or during use.

[0102] The technology comprises use of a query probe to
detect a nucleic acid. The query probe hybridizes to the
query region of the target nucleic acid, but does not form a
thermodynamically stable hybrid with the query region. In
particular, the query probe hybridizes with the query region
with a standard Gibbs free energy of greater than approxi-
mately —12 kcal/mol, e.g., a standard Gibbs free energy of
greater than approximately —10 kcal/mol (e.g., at a standard
temperature of 37° C.). In some embodiments, the hybrid-
1zed complex comprising the query probe and the target
nucleic acid has a melting temperature of approximately less
than 40° C., e.g., less than 33° C. or even less than 25° C.
(see FI1G. 1B). Accordingly, 1n some embodiments the query
probe does not comprise LNA or other modifications that
stabilize formation of thermodynamically stable hybrids. In
some embodiments the query probe comprises a modifica-
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tion (e.g., an LNA or other modification that tends to
stabilize formation of thermodynamically stable hybrids),
but the query probes retain their function as otherwise
described herein.

[0103] The interaction of the query probe with the query
region of the target nucleic acid 1s characterized by kinetic
parameters. Thus, 1n some embodiments the Kkinetic rate
constant k_, describing the association of the query probe
with the query region of the nucleic acid to form a hybnd
and/or the kinetic rate constant k, - describing the dissocia-
tion of the hybrid 1s/are greater than 0.1 min™" (e. 2., greater
that approximately 0.002 s™') or greater than 1 min™" (e.g.,
greater than approximately 0.02 s™). In some embodiments,
the kinetic rate constant k_ describing the association of the
query probe with the query region of the nucleic acid to form
a hybrid and/or the Kinetic rate constant k, » describing the

dissociation of the hybrid is/are greater than 0.001 s7*, e.g.,

greater than 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008,
0.009, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1,
0.2,0.3,0.4,0.5,0.6,0.7,08,09,1,2,3,4,5,6,7,0or8s™".

[0104] In some embodiments, the query probe comprises
a label, e.g., a fluorescent label as described below (see also,

e.g., FIG. 1A and FIG. 1B).

[0105] In some embodiments, a label 1s detected by
changes 1n light scattering (e.g., interferometric detection of
scattering; see, e.g., Piliarik and Sandoghdar (2014) “Direct
optical sensing of single unlabelled proteins and super-
resolution 1maging of their binding sites” Nature Commu-

nications 3: 4495).

[0106] In some embodiments, vibrational spectroscopy,
photothermal detection, plasmonics and microcavities find
use for the detection of query probe Kinetics.

[0107] In some embodiments, the query probe 1s a probe
(e.2., a DNA probe, an RNA probe) comprising 6 to 12
nucleotides (e.g., 6, 7, 8, 9, 10, 11, or 12 nucleotides).
Without being bound by theory, a longer probe would form
a thermodynamically stable hybrid and thus the technology
would sufler from the problems associated with thermody-
namic discrimination in existing technologies; and a shorter
probe would bind with a low afhnity and a low specificity
that would compromise detection of the bound probe. The
query prebe 1s typically provided in single-stranded form, or,

il not, 1s denatured to single-stranded form before or during
use.

[0108] While certain embodiments described herein are
related to or comprise a capture probe that 1s a nucleic acid
and/or a query probe that 1s a nucleic acid, the technology 1s
not limited to such embodiments (e.g., the technology 1s not
limited by a capture probe that i1s a nucleic acid; the
technology 1s not limited by a query probe that 1s a nucleic
acid). Accordingly, 1n some embodiments the capture probe
and/or query probe as described herein 1s/are any enfity (e.g.,
molecule, biomolecule, etc.) that recognizes a nucleic acid.
For example, 1n some embodiments the capture probe and/or
query probe comprises an enfity that recognizes a nucleic
acid. In exemplary embodiments, the entity that recognizes
a nucleic acid 1s a protein that recognizes a nucleic acid (e.g.,
a nucleic acid binding protein, an antibody, a transcription
factor, or any other protemn that binds to a particular
sequence 1n a nucleic acid). In some embodiments, the
capture probe and/or query probe comprises more than one
type ol molecule (e.g., a protein, a nucleic acid, a chemical
linker or chemical moiety that recognizes a nucleic acid).
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microRNA

[0109] In some embodiments, the nucleic acid to be
detected, characterized, quantified, and/or i1dentified (e.g.,
the target nucleic acid) 1s a microRNA. microRNAs
(miRNA or uRNA) are single-stranded RNA molecules of
approximately 21 to 23 nucleotides 1n length that regulate
gene expression. miRNAs are encoded by genes from whose
DNA they are transcribed, but miRNAs are not translated
into protein (see, e.g., Carrington et al, 2003, which 1is
hereby incorporated by reference). The genes encoding
miRNAs are much longer than the processed mature miRNA
molecule.

[0110] miRNAs are typically excised from 60- to
70-nucleotide foldback RNA precursor structures, which are

sometimes detected at the onset of miRNA precursor expres-
sion (Grishok et al., (2001) Cell 106, 23-34; Hutvagner et al.
(2001) Science 93, 834-838; Ketting et al., (2001) FGenes
Dev. 15, 2654-2659) or during expression of very abundant
miRNAs (Lagos-Quintana et al., supra; Lau et al., supra; Lee
et al., supra). Generally, only one of the strands of the
hairpin precursor molecule 1s excised and accumulates,
presumably because 1t 1s protected by associated proteins
from RNA degradation. These putative proteins may medi-
ate the translational suppression. The miRNA precursor
processing reaction requires Dicer RNase 111 and Argonaute
family members (Grishok et al., supra; Hutvagner et al.,
supra; Ketting et al., supra).

[0111] miRNAs are first transcribed as primary transcripts
or pri-miRNA with a cap and a poly-A tail and subsequently
processed to short, 70-nucleotide stem-loop structures
known as pre-miRNA 1in the cell nucleus. This processing 1s
performed in animals by a protein complex known as the
microprocessor complex comprising the nuclease Drosha
and the double-stranded RNA binding protein Pasha. These
pre-miRNAs are then processed to mature miRNAs 1n the
cytoplasm by interaction with the endonuclease Dicer,
which also initiates the formation of the RNA-induced
silencing complex (RISC). When Dicer cleaves the pre-
miRNA stem-loop, two complementary short RNA mol-
ecules are formed, but only one 1s integrated into the RISC.
This strand 1s known as the guide strand and 1s selected by
the Argonaute protein, the catalytically active RNase in the
RISC, on the basis of the stability of the 5' end. The
remaining strand, known as the miRNA*, anti-guide, or
passenger strand, 1s degraded as a RISC substrate. There-
fore, the miRNA*s are derived from the same hairpin
structure like the “normal” miRNAs. So if the “normal”
miRNA 1s then later called the “mature miRNA™ or “guide

strand”, the miRNA* 1s the passenger strand.

[0112] The miRNA%s, also known as the anti-guide or

passenger strand, are mostly complementary to the guide
strand, but there are usually single-stranded overhangs on
cach end, there 1s usually one or a few mispairs and there are
sometimes extra or missing bases causing single-stranded
“bubbles”. The miRNA*s are likely to act 1n a regulatory
fashion as the miRINAs. It 1s understood that according to the
present invention the term “miRNA” also includes the term
“miRNA*”,

[0113] A well established repository of validated miRNAs
1s the miRBase. The miRBase 1s a searchable database of
published miRNA sequences and annotations and 1s avail-
able on the internet. Each entry 1in the miRBase sequence
database represents a predicted hairpin portion of a miRNA
transcript (termed mir in the database), with information on
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the location and sequence of the mature miRNA sequence
(termed miR). Both hairpin and mature sequences are avail-
able for searching and browsing, and entries can also be
retrieved by name, keyword, references, and annotation. All

sequence and annotation data are also available for down-
load.

[0114] Several miRNAs, such as let-7, miR-1, miR-34,
miR-60, and miR-87, are highly conserved between inver-
tebrates and vertebrates, implicating that they may recognize
multiple sites and/or multiple targets of presumably con-
served function (Lagos-Quintana et al., supra; Lau et al.,
supra; Lee et al., supra; Pasquinelli et al., (2000) Nature
408:86). The small temporal RNAs (stRNAs) lin-4 and let-7
represent a subclass of miRNAs 1dentified by genetic analy-
s1s 1n Caenorhabditis elegans, which are developmentally
regulated and themselves control developmental programs,
such as timing of neuronal rewiring, Dauer larva formation,
vulva formation, and the terminal differentiation of hypo-
dermal cells. During the development of embodiments of the
technology provided herein, experiments used the particular
miRNAs let-7a, hsa-miR-16, hsa-miR-21, cel-miR-39, and
hsa-mi1R-141. The sequences of these miRNAs and related
information are available 1n miRBase.

[0115] Like miRNAs, small interfering RNAs (s1RINAs)
are small RNNA molecules mmvolved i cell defense, e.g.
against viral RNA, via a response termed RNA 1nterference
(RNA1) (Cullen, B. R., Nature Immunology, 3: 597-599
(2002)). One class of siRNAs 1s produced through the action
of the Dicer enzyme and RNA-induced silencing complex
(RISC) protein complex as part of the RNA1 response to the
presence of double stranded RNA 1n cells (Khvorova, A. et
al., Cell 115: 209-216 (2003)). Another class of siIRNAs 1s
synthetic and encompasses short duplexes, usually 21-23 nt

with characteristic dinucleotide overhangs (Elbashir, S. M.
et al., EMBO 1. 20: 6877-6888 (2001)) imtroduced directly

into cells via transfection or expression from an introduced
vector (Paul, C. P. et al., Nature Biotechnology 20: 505-508
(2002), U.S. Patent Application Publication No. 2003/
0148519A1, herein imncorporated by reference 1n its entirety
for all purposes). In some cases, siRINAs appear to persist as
defined sequences, making them analogous 1n function and
composition to miRNAs (Elbashir, S. M. et al., supra).
[0116] In addition to their impact on gene expression,
these small RNAs, often in the range of 21-22 nucleotides,
find utility 1n areas of therapeutics and drug discovery, e.g.
as drug targets or as pharmaceutical agents. Thus, in some
circumstances, it may be important to know approximately
how much of each miRNA exists 1n cells. In some cases, 1t
may further be important to compare levels of miRNA in
different tissue types or before and after application of a
stimulus, e¢.g. a chemical or physical intervention. Because
related siRNAs and miRNAs may be present 1n low amounts
in cells, 1t 1s desirable that methods of detection be both
sensitive and specific. Moreover, for certain applications, it
may be beneficial to identily methods suitable for high
throughput screening, e.g., homogeneous methods, multi-
plexed methods, or those suitable to highly parallel auto-
mated manipulation and limited temperature changes.

Fluorescent Moieties

[0117] In some embodiments, a nucleic acid comprises a
fluorescent moiety (e.g., a fluorogenic dye, also referred to
as a “fluorophore” or a “tluor”). A wide variety of tluores-
cent moieties 1s known in the art and methods are known for
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linking a fluorescent moiety to a nucleotide prior to incor-
poration of the nucleotide into an oligonucleotide and for
adding a fluorescent moiety to an oligonucleotide after
synthesis of the oligonucleotide.

[0118] Examples of compounds that may be used as the
fluorescent moiety include but are not limited to xanthene,
anthracene, cyanine, porphyrin, and coumarin dyes.
Examples of xanthene dyes that find use with the present
technology include but are not limited to fluorescein, 6-car-
boxyfluorescein (6-FAM), 5-carboxytluorescein (35-FAM),
5- or 6-carboxy-4, 7, 2', 7'-tetrachlorofluorescein (TET), 3-
or 6-carboxy-4'5'2'4'5"7' hexachlorofluorescein (HEX), 5' or
6'-carboxy-4',5'-dichloro-2,"7'-dimethoxyfluorescein (JOE),
S-carboxy-2',4'.3"/'-tetrachlorofluorescein (ZOE), rhodol,
rhodamine, tetramethylrhodamine (TAMRA), 4,7-dichloro-
tetramethyl rhodamine (DTAMRA), rhodamine X (ROX),
and Texas Red. Examples of cyanine dyes that may find use
with the present invention include but are not limited to Cy
3, Cy 3B, Cy 3.5, Cy 5, Cy 3.5, Cy 7, and Cy 7.5. Other
fluorescent moieties and/or dyes that find use with the
present technology include but are not limited to energy
transfer dyes, composite dyes, and other aromatic com-
pounds that give fluorescent signals. In some embodiments,
the fluorescent moiety comprises a quantum dot.

[0119] Fluorescent dyes include, without limaitation,
d-Rhodamine acceptor dyes including Cy 5, dichloro[R110],
dichloro[R6G], dichloro[TAMRA], dichloro[ROX] or the
like, fluorescein donor dyes including fluorescein, 6-FAM,
5-FAM, or the like; Acridine including Acridine orange,
Acnidine yellow, Proflavin, pH 7, or the like; Aromatic
Hydrocarbons including 2-Methylbenzoxazole, Ethyl p-di-
methylaminobenzoate, Phenol, Pyrrole, benzene, toluene, or
the like; Arylmethine Dyes including Auramine O, Crystal
violet, Crystal violet, glycerol, Malachite Green or the like;
Coumarin dyes including 7-Methoxycoumarin-4-acetic
acid, Coumarin 1, Coumarin 30, Coumarin 314, Coumarin
343, Coumarin 6 or the like; Cyanine Dyes including
1,1'-diethyl-2,2'-cyanine 10dide, Cryptocyanine, Indocarbo-
cyanine (C3) dye, Indodicarbocyanine (C5) dye, Indotricar-
bocyanine (C7) dye, Oxacarbocyanine (C3) dye, Oxadicar-
bocyanine (C5) dye, Oxatricarbocyanine (C7) dye,
Pinacyanol 1odide, Stains all, Thiacarbocyanine (C3) dye,
cthanol, Thiacarbocyanine (C3) dye, n-propanol, Thiadicar-
bocyanine (C5) dye, Thiatricarbocyanine (C7) dye, or the
like; Dipyrrin dyes including N,N'-Difluoroboryl-1,9-dim-
cthyl-5-(4-10dophenyl)-dipyrrin, N,N'-Difluoroboryl-1,9-di-
methyl-5-[(4-(2-trimethylsilylethynyl), N,N'-Difluoroboryl-
1,9-dimethyl-5-phenydipyrrin, or the like; Merocyanines
including  4-(dicyanomethylene)-2-methyl-6-(p-dimethyl-
aminostyryl)-4H-pyran (DCM), acetonitrile, 4-(dicyanom-
cthylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran

(DCM), methanol, 4-Dimethylamino-4'-nitrostilbene, Mero-
cyanine 3540, or the like; Miscellaneous Dyes including
4' 6-Diamidino-2-phenylindole (DAPI), dimethylsulfoxide,
7-Benzylamino-4-nitrobenz-2-oxa-1,3-diazole, Dansyl gly-
cine, Dansyl glycine, dioxane, Hoechst 33238, DMEF,
Hoechst 33258, Lucifer yellow CH, Piroxicam, (Quinine
sulfate, Quinine sulfate, Squarylium dye III, or the like;
Oligophenylenes including 2,5-Diphenyloxazole (PPO),
Biphenyl, POPOP, p-Quaterphenyl, p-Terphenyl, or the like;
Oxazines including Cresyl violet perchlorate, Nile Blue,
methanol, Nile Red, ethanol, Oxazine 1, Oxazine 170, or the
like; Polycyclic Aromatic Hydrocarbons including 9,10-Bis
(phenylethynyl)anthracene, 9,10-Diphenylanthracene,
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Anthracene, Naphthalene, Perylene, Pyrene, or the like;
polyene/polyynes including 1,2-diphenylacetylene, 1,4-di-
phenylbutadiene, 1,4-diphenylbutadiyne, 1,6-Diphenylhex-
atriene, Beta-carotene, Stilbene, or the like; Redox-active
Chromophores including Anthraquinone, Azobenzene, Ben-
zoquinone, Ferrocene, Riboflavin, Tris(2,2'-bipyridypruthe-
nium(Il), Tetrapyrrole, Bilirubin, Chlorophyll a, diethyl
cther, Chlorophyll a, methanol, Chlorophyll b, Diproto-
nated-tetraphenylporphyrin, Hematin, Magnesium octaeth-
ylporphyrin, Magnesium octaethylporphyrin (MgOEP),
Magnesium phthalocyanine (MgPc), PrOH, Magnesium
phthalocyanine (MgPc), pyridine, Magnesium tetramesi-
tylporphyrin (Mg1TMP), Magnesium tetraphenylporphyrin
(MgTPP), Octacthylporphyrin, Phthalocyanine (Pc), Por-
phin, ROX, TAMRA, Tetra-t-butylazaporphine, Tetra-t-
butylnaphthalocyanine,  Tetrakis(2,6-dichlorophenyl)por-
phyrin, Tetrakis(o-aminophenyl)porphyrin,
Tetramesitylporphyrin (TMP), Tetraphenylporphyrin (TPP),
Vitamin Bl12, Zinc octaethylporphyrin (ZnOEP), Zinc
phthalocyanine (ZnPc), pyridine, Zinc tetramesitylporphy-
rin (ZnTMP), Zinc tetramesitylporphyrin radical cation,
Zinc tetraphenylporphyrin (ZnTPP), or the like; Xanthenes
including Fosin Y, Fluorescein, basic ethanol, Fluorescein,
ethanol, Rhodamine 123, Rhodamine 6(G, Rhodamine B,
Rose bengal, Sulforhodamine 101, or the like; or mixtures or
combination thereol or synthetic derivatives thereof.

[0120] Several classes of fluorogenic dyes and specific
compounds are known that are approprniate for particular
embodiments of the technology: xanthene derivatives such
as fluorescein, rhodamine, Oregon green, eosin, and Texas
red; cyanine derivatives such as cyanine, indocarbocyanine,
oxacarbocyanine, thiacarbocyanine, and merocyanine;
naphthalene derivatives (dansyl and prodan derivatives);
coumarin derivatives; oxadiazole derivatives such as pyridy-
loxazole, mitrobenzoxadiazole, and benzoxadiazole; pyrene
derivatives such as cascade blue; oxazine derivatives such as
Nile red, Nile blue, cresyl violet, and oxazine 170; acridine
derivatives such as proflavin, acridine orange, and acridine
yellow; arylmethine derivatives such as auramine, crystal
violet, and malachite green; and tetrapyrrole derivatives
such as porphin, phtalocyanine, bilirubin. In some embodi-
ments the fluorescent moiety a dye that 1s xanthene, fluo-
rescein, rhodamine, BODIPY, cyanine, coumarin, pyrene,
phthalocyanine, phycobiliprotein, ALEXA FLUOR® 350,
ALEXA FLUOR® 405, ALEXA FLUOR® 430, ALEXA
FLUOR® 488, ALEXA FLUOR® 514, ALEXA FLUOR®
532, ALEXA FLUOR® 546, ALEXA FLUOR® 553,
ALEXA FLUOR® 568, ALEXA FLUOR® 568, ALEXA
FLUOR® 3594, ALEXA FLUOR® 610, ALEXA FLUOR®
633, ALEXA FLUOR® 647, ALEXA FLUOR® 660,
ALEXA FLUOR® 680, ALEXA FLUOR® 700, ALEXA
FLUOR® 750, or a squaraine dye. In some embodiments,
the label 1s a fluorescently detectable moiety as described 1n,
¢.g., Haugland (September 2005) MOLECULAR PROBES
HANDBOOK OF FLUORESCENT PROBES AND

RESEARCH CHEMICALS (10th ed.), which 1s herein
incorporated by reference 1n 1ts enfirety.

[0121] In some embodiments the label (e.g., a fluores-
cently detectable label) 1s one available from ATTO-TEC
GmbH (Am Eichenhang 50, 57076 Siegen, Germany), €.g.,
as described 1n U.S. Pat. Appl. Pub. Nos. 20110223677,
20110190486, 20110172420, 20060179585, and
20030003486; and 1n U.S. Pat. No. 7,935,822, all of which
are incorporated herein by reference (e.g., AT'TO 390, ATTO
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425, A1'TO 465, AI'TO 483, AI'TO 495, AI'TO 514, AI'TO
520, ATTO 332, ATTO Rho6G, ATTO 542, ATTO 3550,
ATTO 365, ATTO Rho3B, ATTO Rholl, ATTO Rhol2,
ATTO Thiol2, ATTO RholO1, ATTO 3590, ATTO 594,
ATTO Rhol3, ATTO 610, ATTO 620, ATTO Rhol4, ATTO
633, AI'TO 647, AI'TO 647N, AI'TO 655, AI'TO Oxal?2,
ATTO 665, ATTO 680, ATTO 700, ATTO 725, ATTO740).

[0122] One of ordinary skill 1n the art will recognize that
dyes having emission maxima outside these ranges may be
used as well. In some cases, dyes ranging between 500 nm
to 700 nm have the advantage of being in the wvisible
spectrum and can be detected using existing photomultiplier
tubes. In some embodiments, the broad range of available
dyes allows selection of dye sets that have emission wave-
lengths that are spread across the detection range. Detection

systems capable of distinguishing many dyes are known 1n
the art.

Methods

[0123] The technology is related 1in some embodiments to
methods for the detection of a nucleic acid, e.g., a short
nucleic acid such as a miRNA, in a sample. First, the nucleic
acid 1s immobilized to a solid support by binding the nucleic
acid to an immobilized capture probe (e.g., an immobilized
capture probe (e.g., a biotinylated capture probe) comprising
a LNA). Binding the target nucleic acid to the immobilized
capture probes provides a solid support comprising a plu-
rality of immobilized target nucleic acids on its surface.
Then, a composition comprising a query probe (e.g., a
fluorescently labeled query probe) of 6 to 12 nucleotides
(e.g., 6,7, 8,9, 10, 11, or 12 nucleotides) 1s added to the
sample. Then, the binding of query probes to each 1mmo-
bilized target nucleic acid 1s observed.

[0124] Some embodiments are related to use of a solid
support comprising multiple immobilized capture probes.
The multiple immobilized capture probes may bind the same
or different targets. In some embodiments, the multiple
immobilized capture probes are arranged as an array on a
solid support. Each capture probe 1n array comprises a
region that binds to a target and a region that links the
capture probe to the solid support. The capture probe oli-
gonucleotides contain DNA, RNA, and/or mixtures and/or
modifications thereof.

[0125] Methods for synthesizing or obtaining oligonucle-
otide probe molecules are well known i1n the art. For
example, probes (e.g., capture probes, query probes) can be
made using an automated DNA synthesizer, e.g., an Applied
Biosystems, Inc. (Foster City, Calif.) model 392 or 394
DNA/RNA Synthesizer, and standard chemical methods,
such as phosphoramidite chemistry, which can be adapted as
needed for incorporation of modified or nonstandard bases,
iI desired (see, e.g., Beaucage et al., Tetrahedron 48:2223-

2311, 1992; Molko et al., U.S. Pat. No. 4,980,460; Koster et
al., U.S. Pat. No. 4,725,677; Caruthers et al., U.S. Pat. Nos.
4,415,732, 4,458,066, and 4,973,679). Alternative chemis-
tries that result 1n non-natural backbone groups, such as
phosphorothioate, methylphosphonate, or phosphoramidate
backbones, can also be employed to make capture probes,
provided that the resulting oligonucleotides are capable of
hybridization to a target as described herein. In some
embodiments, oligonucleotides include nucleotides that per-
mit processing or manipulation by enzymes, or non-natu-
rally occurring nucleotide analogs, such as peptide nucleic
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acids or locked nucleic acid, that promote the formation of
more stable duplexes than standard nucleotides.

[0126] Capture probes of an array are bound to a solid
support 1n discrete, predetermined areas often referred to as
“features”. The number of probes bound to each feature (and
thus the number of probes per array) will vary, depending on
the type of capture probe used and the specific application,
and can readily be determined by one of skill 1n this art. For
example, an mdividual feature of an array, which includes
identical probes, may include more than 10,000 probes/um~.
Also, the size of each feature can vary according to the
particular use, and can range, for example, from several
um>, e.g., 10 to 20, to several thousand um?, e.g., 1,000 to
30,000 um*. Preferably, the features are spatially discrete, so
that signals generated by events, such as fluorescent emis-
sions, at adjacent features can be resolved by use of a
standard detection method.

[0127] Capture probe arrays are fabricated on solid sup-
ports, such as, for example, glass (e.g., glass microscope
slides or coverslips), plastic, alkanethiolate-derivatized
gold, cellulose, polystyrene, silica gel, polyamide, function-
alized glass, S1, Ge, GaAs, GaP, S10,, SIN,, modified
silicone, polymerized Langmuir Blodgett film, or any one of
a wide variety of polymers, such as (poly)tetratluoroethyl-
ene, (poly)vinylideneditluoride, or combinations thereof.
For example, the solid support can be a flat glass or
single-crystal silicon with surface features of less than 10
angstroms.

[0128] The solid support can be coated with a surface
material, such as a polymer, plastic, resin, polysaccharide,
silica, silica-based material, carbon, metal, inorganic glass,
or membrane, as can be selected by one of skill 1n this art.
It may be desirable for the surface of the solid support to
include a layer of crosslinking groups. For example, when
thiols are used to link probes to the surface, solid supports
coated with an mntermediate linker layer such as aryl acety-
lenes, ethylene glycol oligomers, diamines, diacids, amino
acids, or combinations thereot, can be used (see, e.g., U.S.

Pat. No. 5,412,087).

[0129] The capture probes can be synthesized directly on
a feature of a solid support or synthesized elsewhere, and
then added as an 1ntact species that 1s covalently linked to
the feature of the substrate. Numerous methods (e.g., pho-
olithographic methods; see, e.g., Sze, VLSI Technology,
McGraw-Hill, 1983; Mead et al., Introduction to VLSI
Systems, Addison-Wesley, 1980) for attaching biological
polymers, such as oligonucleotides (DNA or RNA), pro-
teins, peptides, and carbohydrates, to solid supports are
known 1n the art, and can be used to make the capture arrays
of the invention. For example, McGall et al. (U.S. Pat. No.
5,412,087) describes a process 1n which a substrate 1s coated
with compounds having thiol functional groups that are
protected with photoremovable protecting groups. Probes,
such as oligonucleotide probes or other biological polymers,
can be linked to different regions of such a substrate by
spatial 1rradiation, which results 1n removal of protecting
groups at pre-defined regions of the surface.

[0130] Additional methods for attaching molecules, such
as oligonucleotides, onto solid supports are described, for
example, n U.S. Pat. Nos. 5,601,980, 4,542,102, WO
90/07382, U.S. Pat. Nos. 4,937,188, 5,011,770, WO
01/00868, U.S. Pat. Nos. 5,436,327, 5,143,854, WO
90/15070, Fodor et al., Science 251:767-773, 1991, Dower
et al., Ann. Rev. Med. Chem. 26:271-280, 1991, U.S. Pat.
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No. 5,252,743, WO 91/07087, U.S. Pat. Nos. 5,445,934,
5,744,303, and 5,624,711. Also see U.S. Pat. Nos. 5,604,
097, 5,635,400, 5,654,413, and 5,695,934,

[0131] In some embodiments, the detectable (e.g., fluo-
rescent) query probe produces a fluorescence emission sig-
nal when 1t 1s close to the surface of the solid support (e.g.,
within about 100 nm of the surface of the solid support).
When unbound, query probes quickly diffuse and thus are
not individually detected; accordingly, when 1n the unbound
state, the query probes produce a low level of diffuse
background fluorescence. Consequently, in some embodi-
ments detection of bound query probes comprises use of

total internal reflection fluorescence microscopy (TIRF),
HilL.o microscopy (see, e.g., US20090084980, EP2300983

B1l, WO2014018584 A1, W0O2014018584 A1, mcorporated
herein by reference), confocal scanning microscopy, or other
technologies comprising illumination schemes that 1llumi-
nate (e.g., excite) only those query probe molecules near or
on the surface of the solid support. Thus, 1n some embodi-
ments, only query probes that are bound to an immobilized
target near or on the surface produce a point-like emission
signal (e.g., a “spot”) that can be confirmed as originating
from a single molecule.

[0132] In general terms, the observation comprises moni-
toring fluorescence emission at a number of discrete loca-
tions on the solid support where the target nucleic acids are
immobilized (e.g., at a number of fluorescent “spots” that
blink, e.g., that can be 1n “on” and “ofl”” states ). The presence
of fluorescence emission (spot 1s “on”) and absence of
fluorescence emission (spot 1s “ofl”) at each discrete loca-
tion (e.g., at each “spot” on the solid support) are recorded.
Each spot “blinks”—e.g., a spot alternates between “on” and
“ofl” states, respectively, as a query probe binds to the
immobilized target nucleic acid at that spot and as the query
probe dissociates from the immobilized target nucleic acid at
that spot.

[0133] The data collected provide for the determination of
the number of times a query probe binds to each 1mmobi-
lized target (e.g., the number of times each spot blinks “on”)
and a measurement of the amount of time a query probe
remains bound (e.g., the length of time a spot remains “on”
before turning “oil™).

[0134] In some embodiments, the query probe comprises
a fluorescent label having an emission wavelength. Detec-
tion of fluorescence emission at the emission wavelength of
the fluorescent label indicates that the query probe i1s bound
to an immobilized target nucleic acid. Binding of the query
probe to the target nucleic acid 1s a “binding event”. In some
embodiments of the technology, a binding event has a
fluorescence emission having a measured intensity greater
than a defined threshold. For example, 1n some embodiments
a binding event has a fluorescence intensity that is above the
background fluorescence intensity (e.g., the fluorescence
intensity observed 1n the absence of a target nucleic acid). In
some embodiments, a binding event has a fluorescence
intensity that 1s at least 1, 2, 3, 4 or more standard deviations
above the background fluorescence intensity (e.g., the fluo-
rescence tensity observed in the absence of a target nucleic
acid). In some embodiments, a binding event has a tluores-
cence 1ntensity that 1s at least 2 standard deviations above
the background fluorescence intensity (e.g., the tluorescence
intensity observed 1n the absence of a target nucleic acid). In
some embodiments, a binding event has a fluorescence
intensity that 1s at least 1.5, 2, 3, 4, or 5 times the background
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fluorescence intensity (e.g., the mean fluorescence intensity
observed 1n the absence of a target nucleic acid).

[0135] Accordingly, in some embodiments detecting fluo-
rescence at the emission wavelength of the fluorescent probe
that has an intensity above the defined threshold (e.g., at
least 2 standard deviations greater than background inten-
sity) indicates that a binding event has occurred (e.g., at a
discrete location on the solid support where a target nucleic
acid 1s immobilized). Also, 1n some embodiments detecting
fluorescence at the emission wavelength of the fluorescent
probe that has an intensity above the defined threshold (e.g.,
at least 2 standard deviations greater than background inten-
sity) indicates that a binding event has started. Accordingly,
in some embodiments detecting an absence of fluorescence
at the emission wavelength of the fluorescent probe that has
an intensity above the defined threshold (e.g., at least 2
standard deviations greater than background intensity) indi-
cates that a binding event has ended (e.g., the query probe
has dissociated from the target nucleic acid). The length of
time between when the binding event started and when the
binding event ended (e.g., the length of time that fluores-
cence at the emission wavelength of the fluorescent probe
having an intensity above the defined threshold (e.g., at least
2 standard deviations greater than background intensity) 1s
detected) 1s the dwell time of the binding event. A “transi-
tion” refers to the binding and dissociation of a query probe
to the target nucleic acid (e.g., an on/ofl event).

[0136] Methods according to the technology comprise
counting the number of query probe binding events that
occur at each discrete location on the solid support during a
defined time interval that 1s the “acquisition time” (e.g., a
time interval that 1s tens to hundreds to thousands of
seconds, e.g., 5, 10, 15, 20, 25, 30, 35, 40, 45, 30, 35, or 60
seconds; e.g., 5, 10, 15, 20, 25, 30, 33, 40, 45, 30, 55, or O
minutes; e.g., 1, 1.5, 2, 2.5, or 3 hours). In some embodi-
ments, the acquisition time 1s approximately 10 minutes
(e.g., approximately 1 to 100 minutes, e.g., 1, 2, 3, 4, 5, 6,
7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 30, 40, 30,
60, 70, 80, 90, or 100 minutes).

[0137] Further, the length of time the query probe remains
bound to the target nucleic acid during a binding event 1s the
“dwell time” of the binding event. The number of binding
events detected during the acquisition time and/or the
lengths of the dwell times recorded for the binding events
1s/are characteristic of a query probe binding to a target
nucleic acid and thus provide an indication that the target
nucleic acid 1s immobilized at said discrete location and thus
that the target nucleic acid i1s present 1n the sample.

[0138] Binding of the query probe to the immobilized
target nucleic acid and/or and dissociation of the query probe
from the immobilized target nucleic acid 1s/are monitored
(e.g., using a light source to excite the fluorescent probe and
detecting fluorescence emission from a bound query probe,
¢.g., using a fluorescence microscope) and/or recorded dur-
ing a defined time 1nterval (e.g., during the acquisition time).
The number of times the query probe binds to the nucleic
acid during the acquisition time and/or the length of time the
query probe remains bound to the nucleic acid during each
binding event and the length of time the query probe remains
unbound to the nucleic acid between each binding event
(e.g., the “dwell times™ 1n the bound and unbound states,
respectively) are determined, e.g., by the use of a computer
and software (e.g., to analyze the data using a hidden
Markov model and Poisson statistics).
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[0139] In some embodiments, control samples are mea-
sured (e.g., 1n absence of target). Fluorescence detected 1n a
control sample 1s “background fluorescence” or “back-
ground (fluorescence) mtensity” or “baseline™.

[0140] In some embodiments, data comprising measure-
ments of fluorescence intensity at the emission wavelength
of the query probe are recorded as a function of time. In
some embodiments, the number of binding events and the
dwell times of binding events (e.g. for each 1immobilized
nucleic acid) are determined from the data (e.g., by deter-
miming the number of times and the lengths of time the
fluorescence 1ntensity 1s above a threshold background fluo-
rescence intensity). In some embodiments, transitions (e.g.,
binding and dissociation of a query probe) are counted for
cach discrete location on the solid support where a target
nucleic acid 1s immobilized. In some embodiments, a thresh-
old number of transitions 1s used to discriminate the pres-
ence ol a target nucleic acid at a discrete location on the solid
support from background signal, non-target nucleic acid,
and/or spurious binding of the query probe. In some embodi-
ments, a number of transitions greater than 10 recorded
during the acquisition time indicates the presence of a target
nucleic acid at the discrete location on the solid support.

[0141] In some embodiments, a distribution of the number
ol transitions for each immobilized target 1s determined—
¢.g., the number of transitions 1s counted for each 1mmobi-
lized nucleic acid target observed. In some embodiments a
histogram 1s produced. In some embodiments, characteristic
parameters of the distribution are determined, e.g., the mean,
median, peak, shape, etc. of the distribution are determined.
In some embodiments, the distribution produced from a
target nucleic acid 1s significantly different than a distribu-
tion produced from a non-target nucleic acid or the distri-
bution produced in the absence of a target nucleic acid. In
some embodiments, a mean number of transitions 1s deter-
mined for the plurality of immobilized target nucleic acids.
In some embodiments, the mean number of transitions
observed for a sample comprising a target nucleic acid 1s
approximately linearly related as a function of time and has
a positive slope (e.g., the mean number of transitions
increases approximately linearly as a function of time).

[0142] In some embodiments, the data are treated using
statistics (e.g., Poisson statistics) to determine the probabil-
ity of a transition occurring as a function of time at each
discrete location on the solid support. In some particular
embodiments, a relatively constant probability of a transi-
tion event occurring as a function of time at a discrete
location on the solid support indicates the presence of a
target nucleic acid at said discrete location on the solid
support. In some embodiments, a correlation coeflicient
relating event number and elapsed time 1s calculated from
the probability of a transition event occurring as a function
of time at a discrete location on the solid support. In some
embodiments, a correlation coeflicient relating event num-
ber and elapsed time greater than 0.95 when calculated from
the probability of a transition event occurring as a function
of time at a discrete location on the solid support indicates
the presence of a target nucleic acid at said discrete location
on the solid support.

[0143] In some embodiments, dwell times of bound query
probe (t,,) and unbound query probe (t,;) are used to
identily the presence of a target nucleic acid 1 a sample
and/or to distinguish a sample comprising a target nucleic
acid from a sample comprising a non-target nucleic acid
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and/or not comprising the target nucleic acid. For example,
the T, for a target nucleic acid 1s greater than the T_, for a
non-target nucleic acid; and, the T, for a target nucleic acid
1s smaller than the T for a non-target nucleic acid. In some
embodiments, measuring T, and T . for a negative control
and for a sample indicates the presence or absence of the
target nucleic acid in the sample. In some embodiments, a
plurality of T, and T, values 1s determined for each of a
plurality of spots imaged on a solid support, ¢.g., for a
control (e.g., positive and/or negative control) and a sample
suspected of comprising a target nucleic acid. In some
embodiments, a mean T, and/or T, ,1s determined for each
of a plurality of spots 1imaged on a solid support, e.g., for a
control (e.g., positive and/or negative control) and a sample
suspected of comprising a target nucleic acid. In some
embodiments, a plotoft,, versus T, -(e.g., meant,, and T,
time-averaged T, and T4 etc.) for all imaged spots indi-
cates the presence or absence of the target nucleic acid 1n the
sample.

[0144] For instance, an exemplary embodiment of the
methods according to the technology provided comprises the
following steps:

1. Slide Preparation and sample addition

[0145] A. Passivate the surface of a microscope slide or
coverslip to prevent nonspecific binding, while provid-
ing functionalization for the immobilization of capture
probes to the solid support (e.g., providing biotin
groups on the surface for streptavidin-mediated cou-
pling of capture probes to the surface).

[0146] 1. Covalently modily the surface, e.g., with
poly(ethylene glycol) and biotinyl poly(ethylene gly-
col). See, e.g., Abelson, I. et al. “Conformational

dynamics of single pre-mRNA molecules during 1n
vitro splicing.” Nat. Struct. Mol. Biol. 17, 504-512
(2010).

[0147] a. Clean a quartz or glass microscope slide
or coverslip, e.g., with strong base (ammonium
hydroxide) and hydrogen peroxide, e.g., to
remove fluorescent impurities and prepare the
glass surface for covalent modification.

[0148] b. Covalently functionalize the glass sur-
face, e.g., with an aminosilane (e.g., (3-aminopro-
pyDtriethoxysilane). Rinse thoroughly with deion-
ized water and dry under a stream of air or
nitrogen.

[0149] c. Passivate the surface, e.g., to minimize
nonspecific binding of probes, RNA, and other
biomolecules (e.g., proteins) to the surface. Fur-
ther modily the aminosilane surface with a 1:10
mixture ol succinimidyl ester conjugates of poly
(ethylene glycol) and biotinylated poly(ethylene
glycol). Rinse thoroughly with deionized water
and dry under a stream of air or nitrogen.

[0150] d. Quench unreacted amino groups on the
surface, e.g., with a succinimidyl ester such as
disulfosuccinimidyl tartrate. Rinse thoroughly
with deiomized water. Rinse thoroughly with
deionized water and dry under a stream of air or
nitrogen.

[0151] 1. Alternatively, in some embodiments, one of
skill 1n the art can noncovalently modify the surface
according to techniques known 1in the art, e.g., as
follows:
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[0152] a. Incubate a bare glass slide with >1
mg/mlL of biotinylated bovine serum albumin.
[0153] b. Flush out the excess biotinylated bovine
serum albumin using a near-neutral pH butler.
[0154] 111. Alternatively, some embodiments com-
prise use of a commercially prepared biotin-conju-
gated microscope slide or coverslip, or a slide incor-
porating a zero-mode waveguide array.

[0155] B. Incubate the surface with a saturating con-
centration of streptavidin, avidin, and/or neutravidin,
which binds to the biotin groups on a fraction of the
surface poly(ethylene glycol) molecules and provides
additional binding sites for a biotinylated capture
probe. Wash away excess unbound protein with a near
neutral pH bufler (we use T50=10 mM Tris-HCI, 50
mM NaCl, 1 mM EDTA, pH 8.0).

[0156] C. Incubate the surface with a saturating con-
centration of biotinylated capture probe(s) for the
nucleic acid (e.g., miRNA) target(s) of interest. Wash
away excess unbound probe with a near neutral pH
bufler (e.g., 1x phosphate-buflered saline, or PBS).

[0157] D. Incubate the surface with a solution contain-
ing the target nucleic acids (e.g., miRNA(s)) to be
quantified. Incubate until binding reaction reaches
completion.

[0158] E. Replace sample with imaging builer contain-
ing oxygen scavenger system (OSS) and the fluorescent
probe(s) of interest, e.g., 4xPBS as the bufler and an
OSS comprising 25 nM protocatechuate dioxygenase,
2.5 mM protocatechuate, and 1 mM Trolox. In some
embodiments, the fluorescent probe concentration 1s
approximately 1 nM to 1 uM (e.g., approximately 25
nM) depending on the 1llumination configuration of the
microscope, the speed and sensitivity of the detector,
and the kinetics of probe binding and dissociation.

2. Fluorescence microscopy

[0159] A. Mount the microscope slide on a fluorescence
microscope, €.g2., a microscope configured to provide
one of the following illumination configurations, e.g.,
to minimize or eliminate background signal from freely
diffusing (e.g., not bound to the surface or surface-
bound targets) fluorescent query probes:

[0160] 1. Prism-type total internal reflection tluores-
cence (TIRF)

[0161] 11. Objective-type TIRF

[0162] 111. Near-TIRF or Hil.o

[0163] 1v. Conilocal laser scanning

[0164] v. Zero-mode waveguide

[0165] wvi. Other 1llumination configurations capable

of parallel monitoring of a large area of a slide or a
coverslip (>100 um?®) while restricting illumination
to a small region of space near the surface.

[0166] B. Illuminate the surface with light of an appro-
priate wavelength and suflicient intensity to excite and
reliably detect an individual surface-bound fluorescent
query probe, but not so intense that the probe photo-
bleaches before 1ts binding can be observed and
counted.

[0167] C. Using appropriate optics (chromatic filters,
dichroic mirrors, etc.), 1solate the emission signal of the
fluorescent query probe from other background signal,
monitor the fluorescence emission of the probe near the

surface (that 1s, within several tens or hundreds of

nanometers) using an appropriate detector, e.g:
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[0168] 1. Intensified charge coupled device (ICCD)

[0169] 1. Flectron-multiplying charge coupled
device (EM-CCD)

[0170] 111. Complementary metal-oxide-semiconduc-
tor (CMOS)

[0171] 1v. Photomultiplier tube (PMT)
[0172] v. Avalanche photodiode (APD)
[0173] wvi. Other detectors capable of detecting fluo-

rescence emission from single chromophores.
[0174] D. Collect fluorescence emission continuously
for a period of time having suilicient temporal resolu-
tion to allow observation of several consecutive bind-
ing and dissociation events of fluorescent query probes
to a typical surface-bound nucleic acid target (e.g.,
miRNA). During experiments conducted during the
development of embodiments of the technology pro-
vided herein, a typical temporal resolution was 0.5
seconds and the length of observation was 10 minutes)

3. Data processing and interpretation

[0175] A. Within the movie resulting from fluorescence
microscopy, locate the regions of the image in which
binding events of fluorescent probes are observed.
These are “candidate targets” or “candidates.”

[0176] 1. Generate an 1ntensity or fluctuation map to
locate the sites of probe binding with high signal-
to-noise.

[0177] a. Intensity map: for each pixel in the movie
frame, calculate the mean fluorescence intensity
over a specified time interval comprising a sig-
nificant Iraction (e.g., from 10-100%) of the
movie.

[0178] b. Fluctuation map: for each pixel in the
movie frame, calculate the mean absolute frame-
to-frame diflerence 1n intensity over a specified
time 1nterval comprising a significant fraction
(e.g., from 10-100%) of the movie.

[0179] 1. Within the intensity or fluctuation map,
search for locally maximal intensity values. Filter
out those maxima resulting from noise or uneven
background using an empirically determined noise
threshold. The remaiming local maxima represent
sites of fluorescent probe binding.

[0180] B. For each candidate identified in step (A),
calculate the intensity of fluorescent signal as a func-
tion of time. This 1s the “intensity trace” of the corre-
sponding candidate.

[0181] 1. Identity a square (e.g., 5 pixelx5 pixel)
region, centered on the local intensity maximum, that
encompasses the vast majority of the fluorescent
signal emitted from a single fluorescent probe (deter-
mined by the point-spread function of the micro-
scope) while excluding as much nearby fluorescent
signal (e.g., from nearby surface-bound probes) as
possible.

[0182] 11. For each frame in the movie, calculate the
total intensity of the square region identified 1n (1),
correcting for the local background intensity. Local
background is calculated, for example, as the median
intensity value of the pixels immediately adjacent to
the square region under analysis.

[0183] C. For each intensity trace, determine the num-
ber of times a fluorescent probe binds or dissociates
throughout the course of the movie. This value 1s the
number of transitions N.
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[0184] 1. Using hidden Markov modeling software
such as QuB, vbFRFET, or HaMMy, calculate an
idealized (noise-free) two-state intensity trace that
identifies transitions between high and low intensity

(e.g., binding and dissociation events) for each can-
didate.

[0185] 11. In some embodiments, methods comprise
use of an edge detection algorithm to determine the
number of transitions between high and low 1ntensity
within each intensity trace. See, e.g., Canny, J. 1986.

A computational approach to edge detection. IEEE
Trans. Pattern Anal. Mach. Intell. 8, 6 (November

1986), 679-698.

[0186] 111. Identify and distinguish targets from spu-
rious candidates as follows:

[0187] a. Exclude candidates whose intensity tran-
sitions are smaller than an empirically determined
threshold. For example, in some embodiments the
threshold 1s chosen to exclude background noise
and fluctuations but to include a majority of fluo-
rescent query probes, which will exhibit slight
variations 1n intensity depending on the homoge-
neity of illumination across the field of view.

[0188] b. Exclude candidates whose signal-to-
noise 1s lower than an empirically determined
threshold. The signal-to-noise 1s calculated as the
difference in intensity between the probe-bound

and unbound states, divided by the standard devia-

tion of the signal 1n the unbound state.

[0189] c¢. Exclude candidates whose median dwell
time 1n the high-intensity (“probe-bound”) or low-
intensity (“‘unbound”) state 1s shorter than a speci-
fied value. This serves to distinguish genuine
probe binding events to the target from brief, but
repetitive, nonspecific binding events to the slide
surface, or rapid blinking of surface-bound fluo-
rescent probes.

[0190] d. Exclude candidates exhibiting a number
of transitions (N) smaller than a threshold number
of transitions, N_. . The value N_ . 1s determined
using negative control experiments 1 which the
target analyte 1s omitted, resulting 1n purely non-
specific binding of the fluorescent probe to the
surface. Specifically, in some embodiments, N_ .
excludes the vast majority of spurious background
candidates while including the vast majority of
true target molecules 1n a positive experiment. In
some embodiments, N_ . 1s calculated as a given
number of standard deviations above the mean
number of transitions 1n a background experiment
(e.g., 6 standard deviations above the mean value
of N 1n a set of negative control experiments).

[0191] e. Optionally: include only candidates
exhibiting median or mean dwell times in the
probe-bound or unbound states that are within a
certain range of values that distinguish the target
from related, but spurious targets, such as single-
nucleotide mutants.

[0192] D. Count the number of target molecules that

pass the filtering described above within one or several
fields of view. This 1s N

accept’
[0193] E. To determine the target concentration, com-
pare N to a standard curve prepared by using the

acceplt
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assay to quantily a set of known concentrations of
target(s) (see, e.g., FIG. 2D).

Multiplex Assays

[0194] Some embodiments are related to multiplex assays.
For example, some embodiments are related to detecting
more than one target nucleic acid (e.g., two or more target
nucleic acids comprising different nucleotide sequences). In
some embodiments, the two or more nucleic acids compris-
ing different nucleotide sequences comprise nucleotide
sequences that differ by a single nucleotide or base. In some

embodiments, the two or more nucleic acids include one or
more DNA and/or one or more RNA (e.g., a miRNA, a
mRINA, a ncRNA).

[0195] Some embodiments are related to the use of more
than one query probe—e.g., two or more query probes
comprising different sequences and/or comprising different
detectable (e.g., fluorescent) moieties. In some embodiments
comprising use ol two or more detectable (e.g., fluorescent)
moieties, the technology comprises use of two or more
excitation light sources (e.g., to excite the fluorescent moi-
cties of the two or more query probes) and/or use of two or
more tluorescence emission detectors. In some embodiments
comprising use of two or more query probes comprising the
same fluorophore, the query probes are distinguishable by
their kinetic fingerprints detected by the technology pro-
vided herein.

[0196] Some embodiments are related to the use of one or
more capture probe—e.g., two or more capture probes
comprising different sequences.

[0197] Some embodiments comprise use of more than one
query probe and one capture probe and some embodiments
comprise use of more than one capture probe and one query
probe. Some embodiments comprise use of more than one
query probe and more than one capture probe.

[0198] In particular embodiments, a multiplex assay
detects two or more target nucleic acids having similar but
not i1dentical sequences (e.g., two or more DNAs, two or
more RNAs, e.g., two or more miRNAs, e.g., two or more
miRNA biomarkers associated with a disease such as can-
cer). For example, 1n some embodiments, the two or more
target nucleic acids comprise sequences that differ at 1, 2, 3,
4, or 5 nucleotides. The two or more nucleic acids comprise
a common sequence that 1s complementary to an 1mmobi-
lized capture probe and the sequence diflerence 1s in a region
bound by a query probe (e.g., a region not bound by the
capture probe). Thus, 1n some embodiments, two or more
target nucleic acids are immobilized to the solid support by
hybridization to the immobilized capture probes. Then, two
or more query probes are added to the detection composi-
tion. In some embodiments, the two or more query probes
comprise different sequences and each sequence 1s comple-
mentary to a query region of one of the two or more target
nucleic acids. In some embodiments, the two or more query
probes further each comprises a diflerent detectable (e.g.,
fluorescent) moiety. In some embodiments, one, two, or
more excitation light sources are used to excite the two or
more fluorescent moieties and two or more fluorescence
emission detectors are used to detect binding events and
dwell times as described herein for each of the two or more
query probes. The diflerent emission wavelengths (e.g.,
spectra) are used to differentiate the binding events and

dwell times of the two query probes.
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[0199] In some embodiments related to multiplex assays,
the technology comprises use of two or more query probes
comprising the same detectable label (e.g., the same fluo-
rophore), wherein the query probes are distinguishable by
theirr kinetic fingerprints as detected by the technology
provided herein.

[0200] In some embodiments, each query probe comprises
a distinct plurality of detectable (e.g., fluorescent) moieties
to provide a complex emission spectrum as an “‘emission
barcode™ associated with each query probe and that serves to
identify each query probe.

[0201] In some embodiments, combinations of any two or
more approaches described above are used.

Cancer Biomarkers

[0202] In some embodiments, the technology finds use 1n
diagnosing diseases for which a differential expression of
nucleic acid biomarkers (e.g., mRNAs, miRNAs) compared
to healthy controls or other diseases exists. In some embodi-
ments, the technology finds use 1 diagnosing diseases
assoclated with a mutant nucleic acid. For instance, the
technology 1s related to diagnosing a cancer, e.g., bladder
cancer, brain cancer, breast cancer, colon cancer, endome-
trium cancer, gastrointestinal stromal cancer, glioma, head
and neck cancer, kidney cancer, leukemia, liver cancer, lung
cancer, lymph node cancer, melanoma, meninges cancer,
ovarian cancer, pancreas cancer, prostate cancer, sarcoma,
stomach cancer, testicular cancer, thyroid cancer, thymus
cancer, Wilms’ tumor, and/or COPD. The diagnosis may
comprise determining type, rate, and/or stage of cancer. The
course ol the disease and the success of therapy such as
chemotherapy may be monitored. The technology provides
a prognosis on the survivor rate and enables one of skill 1in
the art to determine a patient’s response to a therapy such as
one or more drugs.

[0203] Thus, in some embodiments, the technology relates
to detecting a nucleic acid (e.g., a DNA, an RNA (e.g., a
miRNA, a mRNA, a ncRNA)) associated with cancer, an
amount of a nucleic acid (e.g., a DNA, an RNA (e.g., a
miRNA, a mRNA, a ncRNA)) associated with cancer, a
mutation 1n a nucleic acid (e.g., a DNA, an RNA (e.g., a
miRNA, a mRNA, a ncRNA)) associated with cancer,
and/or the presence or absence of a nucleic acid (e.g., a
DNA, an RNA (e.g., a miRNA, a mRNA, a ncRNA))
associated with cancer. Some cancer-associated nucleic
acids (e.g., a DNA, an RNA (e.g., a miRNA, a mRNA, a
ncRNA)) promote the mitiation and progression of cancers
through, e.g., uncontrolled growth, increased invasiveness,
and resistance to cell death pathways. Some cancer-associ-
ated nucleic acid (e.g., a DNA, an RNA (e.g., a miRNA, a
mRNA, a ncRNA)) inhibit or decrease these cancer-associ-
ated activities.

[0204] In some embodiments, the cancer biomarker 1s a
ncRNA. In some embodiments, the cancer biomarker 1s a
miRNA. In some embodiments, the cancer biomarker 1s a
miRNA from the miR-17~mir-92 cluster, e.g., the six miR-
NAs miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and
miR-92a-1. These miRNAs are biomarkers for cancers such
as lung, breast, pancreas, and colon cancer. These miRNAs
are also biomarkers for B-cell lymphoma (e.g., 1n particular
miR-19a and miR-19b), retinoblastoma, and glioblastoma.
In particular, the miR-17~mir-92 cluster 1s overexpressed 1n
lung cancer and the locus encoding the miR-17~mir-92
cluster 1s amplified in lymphomas and solid tumors. Tran-
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scription factors that are aberrantly expressed or that have
aberrant activities 1n cancers, such as E2F and MYC,
activate the expression of the miR-17~-mir-92 cluster.

[0205] miR-21 1s a biomarker associated with lung and
breast cancers, and with lymphoma and glioblastoma. miR -
155 1s associated with lung and breast cancers, and with
lymphoma. miR-221 or miR-222 1s associated with lung
cancer and glioblastoma. let-7 acts as a tumor suppressor
and 1t associated with lung cancer, lymphoma, gastric can-
cer, prostate cancer, breast cancer, and ovarian cancer.
miR-34 acts as a tumor suppressor and 1s associated with
lung cancer, lymphoma, pancreatic cancer, colon cancer,
neuroblastoma, and glioblastoma. miR-15/16 acts as a tumor
suppressor and 1s associated with chronic lymphocytic leu-
kemia, multiple myeloma, prostate cancer, and pancreatic
cancer. miR-200 acts as a tumor suppressor and 1s a bio-
marker associated with breast cancer, renal cancer, gastric
cancer, and bladder cancer. miR-181 acts as a tumor sup-
pressor and 1s a biomarker associated with glioma and
lymphoma. miR-29 1s a tumor suppressor and 1s a biomarker
associated with chronic lymphocytic leukemia, hepatocel-
lular carcinoma, and breast cancer. See, e.g., Stahlhut and
Slack (2013) “MicroRNAs and the cancer phenotype: pro-
filing, signatures and clinical implications” Genome Medi-
cine 5:111, incorporated herein by reference.

[0206] miR-21, miR-20b, miR-20a, miR-17-5p, miR-
106a, miR-18a, miR-106 b, miR-18 b, miR-135b, miR-183,
miR-421, miR-340%*, miR-19a and miR-658 are all overex-
pressed 1n gastric cancer compared with adjacent non-
tumorous tissue. Further, miR-21 1s overexpressed in 92% of
gastric cancer; and miR-106a 1s overexpressed 1n gastric
carcinoma. miR-21 1s overexpressed 1n colon cancer. miR -
143, miR-145, let-7a-1, miR-16, miR-1235b, miR-31, miR-
133 b, miR-96, and miR-14531 are significantly downregu-
lated 1n colorectal cancers. The tumour suppressor miRNA,
miR-34a, 1s lower 1n human CRC tissue. miR-196a, miR-
196b, miR-301, miR-155, miR-221, and miR-376a are
increased and miR-217, miR-345, miR-139, and miR-142-P
are decreased 1n pancreatic ductal adenocarcinoma (PDAC).
miR-196a, miR-190, miR-186, miR-221, miR-222, miR-
200 b, miR-15 b, and miR-93, are upregulated in pancreatic
cancer. miR-25 and miR-223 are biomarkers for NSCLC.
miR-485-5p, miR-361-3p, miR-326, and miR-487 b are
specific biomarkers for CRC. miR-221/222 are biomarkers
for papillary thyroid cancer. See, e.g., Paranjape, et al (2009)
“MicroRNAs: tools for cancer diagnostics” Gut 58(11):
1546, incorporated herein by reference.

[0207] Further, an increase in hsa-miR-141 (e.g., an
increase 1n the hsa-miR-141 concentration in blood serum or
plasma) 1s associated with prostate cancer. See, e.g., Mitch-
cll et al. (2008) Proc Natl. Acad. Sci. U.S.A. 105(30).
Accordingly, hsa-miR-141 provides a biomarker (e.g., avail-
able 1n blood (e.g., serum)) for prostate cancer diagnosis.

[0208] Table 1 provides a list of miRNA biomarkers
reported 1 published studies as associated with human
cancers. The upregulation or downregulation of the bio-
marker 1in the cancer 1s indicated in the column labeled
“profile”. See Xie et al (2013) “miRCancer: a microRINA-
cancer association database constructed by text mining on
literature” Bioinformatics 29(5): 638, incorporated herein by
reference.
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TABLE 1

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-let-7a breast cancer down
hsa-let-7a colorectal cancer down
hsa-let-7a gastric cancer down
hsa-let-7a glioma down
hsa-let-7a nasopharyngeal carcinoma down
hsa-let-7a non-small cell lung cancer down
hsa-let-7a renal cell carcinoma down
hsa-let-7a- bronchioloalveolar carcinoma down
hsa-let-7a- colon cancer down
hsa-let-7a- esophageal squamous cell carcinoma down
hsa-let-7a- hepatocellular carcinoma down
hsa-let-7a- lung cancer down
hsa-let-7a- nasopharyngeal carcinoma down
hsa-let-7a-1 neuroblastoma down
hsa-let-7a-1 pancreatic ductal adenocarcinoma down
hsa-let-7a-2 bronchioloalveolar carcinoma down
hsa-let-7a-2 colon cancer down
hsa-let-7a-2 esophageal squamous cell carcinoma down
hsa-let-7a-2 hepatocellular carcinoma down
hsa-let-7a-2 lung cancer down
hsa-let-7a-2 nasopharyngeal carcinoma down
hsa-let-7a-2 neuroblastoma down
hsa-let-7a-2 pancreatic ductal adenocarcinoma down
hsa-let-7a-3 bronchioloalveolar carcinoma down
hsa-let-7a-3 colon cancer down
hsa-let-7a-3 esophageal squamous cell carcinoma down
hsa-let-7a-3 hepatocellular carcinoma down
hsa-let-7a-3 lung cancer down
hsa-let-7a-3 nasopharyngeal carcinoma down
hsa-let-7a-3 neuroblastoma down
hsa-let-7a-3 pancreatic ductal adenocarcinoma down
hsa-let-7a-3p prostate cancer down
hsa-let-7b acute lymphoblastic leukemia down
hsa-let-7b breast cancer down
hsa-let-7b bronchioloalveolar carcinoma down
hsa-let-7b colon cancer down
hsa-let-7b esophageal squamous cell carcinoma down
hsa-let-7b hepatocellular carcinoma down
hsa-let-7b lung cancer down
hsa-let-7b malignant melanoma down
hsa-let-7b nasopharyngeal carcinoma down
hsa-let-7b neuroblastoma down
hsa-let-7b pancreatic ductal adenocarcinoma down
hsa-let-7¢ acute myeloid leukemia down
hsa-let-7¢ acute promyelocytic leukemia down
hsa-let-7¢ bronchioloalveolar carcinoma down
hsa-let-7c¢ colon cancer down
hsa-let-7¢ esophageal squamous cell carcinoma down
hsa-let-7¢ hepatocellular carcinoma down
hsa-let-7c lung cancer down
hsa-let-7¢ nasopharyngeal carcinoma down
hsa-let-7¢ neuroblastoma down
hsa-let-7¢ non-small cell lung cancer down
hsa-let-7¢ pancreatic ductal adenocarcinoma down
hsa-let-7c¢ prostate cancer down
hsa-let-7d bronchioloalveolar carcinoma down
hsa-let-7d colon cancer down
hsa-let-7d esophageal squamous cell carcinoma down
hsa-let-7d head and neck squamous cell carcinoma  down
hsa-let-7d hepatocellular carcinoma down
hsa-let-7d lung cancer down
hsa-let-7d nasopharyngeal carcinoma down
hsa-let-7d neuroblastoma down
hsa-let-7d oral cancer down
hsa-let-7d pancreatic ductal adenocarcinoma down
hsa-let-7e bronchioloalveolar carcinoma down
hsa-let-7e colon cancer down
hsa-let-7¢ esophageal squamous cell carcinoma down
hsa-let-7e hepatocellular carcinoma down
hsa-let-7e lung cancer down
hsa-let-7e nasopharyngeal carcinoma down
hsa-let-7e neuroblastoma down
hsa-let-7e pancreatic ductal adenocarcinoma down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-let-7e papillary thyroid carcinoma up

hsa-let-71-1 bronchioloalveolar carcinoma down
hsa-let-71-1 colon cancer down
hsa-let-71-1 esophageal squamous cell carcinoma down
hsa-let-71-1 hepatocellular carcinoma down
hsa-let-71-1 lung cancer down
hsa-let-71-1 nasopharyngeal carcinoma down
hsa-let-71-1 neuroblastoma down
hsa-let-71-1 pancreatic ductal adenocarcinoma down
hsa-let-71-2 bronchioloalveolar carcinoma down
hsa-let-71-2 colon cancer down
hsa-let-71-2 esophageal squamous cell carcinoma down
hsa-let-71-2 hepatocellular carcinoma down
hsa-let-71-2 lung cancer down
hsa-let-71-2 nasopharyngeal carcinoma down
hsa-let-71-2 neuroblastoma down
hsa-let-71-2 pancreatic ductal adenocarcinoma down
hsa-let-/g breast cancer down
hsa-let-7g bronchioloalveolar carcinoma down
hsa-let-7g colon cancer down
hsa-let-7g esophageal squamous cell carcinoma down
hsa-let-7¢g hepatocellular carcinoma down
hsa-let-7g lung cancer down
hsa-let-7¢g nasopharyngeal carcinoma down
hsa-let-7¢g neuroblastoma down
hsa-let-7g pancreatic ductal adenocarcinoma down
hsa-let-71 bronchioloalveolar carcinoma down
hsa-let-71 colon cancer down
hsa-let-71 esophageal squamous cell carcinoma down
hsa-let-71 hepatocellular carcinoma down
hsa-let-71 lung cancer down
hsa-let-71 nasopharyngeal carcinoma down
hsa-let-71 neuroblastoma down
hsa-let-71 ovarian cancer down
hsa-let-71 pancreatic ductal adenocarcinoma down
hsa-mir-1 head and neck squamous cell carcinoma  down
hsa-mir-1 hepatocellular carcinoma down
hsa-mir-1 lung cancer down
hsa-mir-1 non-small cell lung cancer down
hsa-mir-1 renal cell carcinoma down
hsa-mir-1 bladder cancer down
hsa-mir-100 breast cancer down
hsa-mir-100 cervical carcinoma down
hsa-mir-100 esophageal squamous cell carcinoma down
hsa-mir-100 gastric cancer up

hsa-mir-100 glioblastoma down
hsa-mir-100 hepatocellular carcinoma down
hsa-mir-100 mesenchymal cancer down
hsa-mir-100 non-small cell lung cancer down
hsa-mir-100 oral squamous cell carcinoma down
hsa-mir-100 osteosarcoma down
hsa-mir-100 ovarian cancer down
hsa-mir-100 ovarian carcinoma down
hsa-mir-100 renal cell carcinoma up

hsa-mir-10] bladder cancer down
hsa-mir-10 cervical carcinoma down
hsa-mir-10 cholangiocarcinoma down
hsa-mir-10 colon cancer down
hsa-mir-10 gastric cancer down
hsa-mir-101 glioblastoma down
hsa-mir-101 hepatocellular carcinoma down
hsa-mir-10: liver cancer down
hsa-mir-10 lung cancer down
hsa-mir-10 malignant melanoma down
hsa-mir-10 non-small cell lung cancer down
hsa-mir-10: prostate cancer down
hsa-mir-103 gastric cancer up

hsa-mir-103 colorectal cancer up

hsa-mir-103a-3p bladder cancer up

hsa-mir-105 prostate cancer down
hsa-mir-106a cervical squamous cell carcinoma down
hsa-mir-106a colorectal cancer up

hsa-mir-106a endometrial cancer up
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-106a gastric cancer up
hsa-mir-106a glioblastoma down
hsa-mir-106a glioma down
hsa-mir-106a non-small cell lung cancer down
hsa-mir-106a ovarian cancer up
hsa-mir-106b gastric cancer up
hsa-mir-106b glioma up
hsa-mir-106b head and neck squamous cell carcinoma  up
hsa-mir-106b hepatocellular carcinoma up
hsa-mir-106b laryngeal carcinoma up
hsa-mir-106b-5p glioma up
hsa-mir-107 acute promyelocytic leukemia down
hsa-mir-107 breast cancer down
hsa-mir-107 gastric cancer up
hsa-mir-107 glioma down
hsa-mir-107 head and neck squamous cell carcinoma  down
hsa-mir-107 prostate carcinoma down
hsa-mir-10a chronic myelogenous leukemia down
hsa-mir-10a gastric cancer down
hsa-mir-10a pancreatic cancer up
hsa-mir-10a cervical cancer up
hsa-mir-10b bladder cancer up
hsa-mir-10b breast cancer down
hsa-mir-10b esophageal cancer up
hsa-mir-10b gastric cancer up
hsa-mir-10b gastric cancer down
hsa-mir-10b glioblastoma up
hsa-mir-10b glioma up
hsa-mir-10b hepatocellular carcinoma up
hsa-mir-10b nasopharyngeal carcinoma up
hsa-mir-10b oral cancer up
hsa-mir-10b pancreatic cancer up
hsa-mir-10b pancreatic ductal adenocarcinoma up
hsa-mir-1179 colorectal cancer up
hsa-mir-1207-5p gastric cancer down
hsa-mir-122 breast cancer down
hsa-mir-122 gastric cancer down
hsa-mir-122 hepatocellular carcinoma down
hsa-mir-122 hepatocellular carcinoma up
hsa-mir-122 liver cancer down
hsa-mir-122 pituitary carcinoma up
hsa-mir-122 renal clear cell carcinoma up
hsa-mir-1228* gastric cancer down
hsa-mir-122a hepatocellular carcinoma down
hsa-mir-122a gastromtestinal cancer down
hsa-mir-1233 renal cell carcinoma up
hsa-mir-124 anaplastic astrocytoma down
hsa-mir-124 breast cancer down
hsa-mir-124 cervical squamous cell carcinoma down
hsa-mir-124 colorectal cancer down
hsa-mir-124 gastric cancer down
hsa-mir-124 glioblastoma down
hsa-mir-124 glioma down
hsa-mir-124 hepatocellular carcinoma down
hsa-mir-124 medulloblastoma down
hsa-mir-124 neuroblastoma down
hsa-mir-124 oral squamous cell carcinoma down
hsa-mir-124 ovarian cancer down
hsa-mir-124 pancreatic cancer down
hsa-mir-124-3p bladder cancer down
hsa-mir-124-5p glioma down
hsa-mir-1247 pancreatic cancer down
hsa-mir-124a glioblastoma down
hsa-mir-124a mantle cell lymphoma up
hsa-mir-124a acute lymphoblastic leukemia down
hsa-mir-1258 breast cancer down
hsa-mir-1259 gastric cancer up
hsa-mir-125a glioblastoma down
hsa-mir-125a colorectal cancer down
hsa-mir-125a-3p non-small cell lung cancer down
hsa-mir-123a-3p gastric cancer down
hsa-mir-123a-3p non-small cell lung cancer down
hsa-mir-1235a-3p breast cancer down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-125b acute myeloid leukemia up

hsa-mir-125b bladder cancer down
hsa-mir-125b breast cancer down
hsa-mir-125b chronic lymphocytic leukemia down
hsa-mir-125b follicular cancer up

hsa-mir-125b gastric cancer up

hsa-mir-125b glioblastoma down
hsa-mir-125b glioblastoma up

hsa-mir-125b glioma up

hsa-mir-125b hepatocellular carcinoma down
hsa-mir-125b malignant melanoma down
hsa-mir-125b neuroblastoma up

hsa-mir-125b oral squamous cell carcinoma down
hsa-mir-125b osteosarcoma down
hsa-mir-125b ovarian cancer down
hsa-mir-125b prostate cancer up

hsa-mir-125b-1-3p  mesenchymal cancer up

hsa-mir-125b-2%* colorectal cancer up

hsa-mir-126 breast cancer down
hsa-mir-126 colon cancer down
hsa-mir-126 colorectal cancer down
hsa-mir-126 gastric cancer down
hsa-mir-126 gastric cancer up

hsa-mir-126 hepatocellular carcinoma down
hsa-mir-126 malignant melanoma up

hsa-mir-126 malignant mesothelioma down
hsa-mir-126 non-small cell lung cancer down
hsa-mir-126 oral squamous cell carcinoma up

hsa-mir-126 osteosarcoma down
hsa-mir-126 pancreatic ductal adenocarcinoma down
hsa-mir-126 small cell lung cancer down
hsa-mir-126* non-small cell lung cancer down
hsa-mir-1260b renal cell carcinoma up

hsa-mir-1266 gastric cancer down
hsa-mir-127 breast cancer down
hsa-mir-127 gastric cancer down
hsa-mir-127 hepatocellular carcinoma down
hsa-mir-127-3p osteosarcoma down
hsa-mir-127-3p glioblastoma down
hsa-mir-1271 hepatocellular carcinoma down
hsa-mir-128 acute lymphoblastic leukemia up

hsa-mir-128 acute myeloid leukemia up

hsa-mir-128 glioblastoma down
hsa-mir-128 glioma down
hsa-mir-128 osteosarcoma up

hsa-mir-128 prostate cancer down
hsa-mir-1280 bladder cancer down
hsa-mir-1285 renal cell carcinoma down
hsa-mir-128a medulloblastoma down
hsa-mir-129 colorectal cancer down
hsa-mir-129 glioblastoma down
hsa-mir-129 breast cancer down
hsa-mir-129-1-3p gastric cancer down
hsa-mir-129-2-3p gastric cancer down
hsa-mir-129-3p gastric cancer down
hsa-mir-129-5p laryngeal squamous cell carcinoma down
hsa-mir-129-5p gastric cancer down
hsa-mir-1290 colon cancer up

hsa-mir-1291 renal cell carcinoma down
hsa-mir-1296 prostate cancer down
hsa-mir-1297 lung adenocarcinoma down
hsa-mir-130a hepatocellular carcinoma up

hsa-mir-130b colorectal cancer down
hsa-mir-130b colorectal cancer up

hsa-mir-130b hepatocellular carcinoma up

hsa-mir-130b ovarian cancer down
hsa-mir-130b papillary thyroid carcinoma down
hsa-mir-130b* gastric cancer up

hsa-mir-132 osteosarcoma down
hsa-mir-132 pancreatic cancer up

hsa-mir-132 pancreatic carcinoma down
hsa-mir-133a bladder cancer down
hsa-mir-133a breast cancer down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-133a colorectal cancer down
hsa-mir-133a esophageal squamous cell carcinoma down
hsa-mir-133a head and neck squamous cell carcinoma  down
hsa-mir-133a lung squamous cell carcinoma down
hsa-mir-133a osteosarcoma down
hsa-mir-133a ovarian cancer down
hsa-mir-133a renal cell carcinoma down
hsa-mir-133a-1 prostate cancer down
hsa-mir-133a-2 prostate cancer down
hsa-mir-133b bladder cancer down
hsa-mir-133b cervical carcinoma up

hsa-mir-133b colorectal cancer up

hsa-mir-133b colorectal cancer down
hsa-mir-133b esophageal squamous cell carcinoma down
hsa-mir-133b gastric cancer down
hsa-mir-133b lung cancer down
hsa-mir-133b prostate cancer down
hsa-mir-134 hepatocellular carcinoma down
hsa-mir-134 head and neck squamous cell carcinoma  up

hsa-mir-135a preast cancer up

hsa-mir-133a colorectal cancer up

hsa-mir-135a renal cell carcinoma down
hsa-mir-135a-1 colorectal cancer up

hsa-mir-135a-2 colorectal cancer up

hsa-mir-135b colorectal cancer up

hsa-mir-135b gastric cancer up

hsa-mir-135b lung cancer up

hsa-mir-136 glioma down
hsa-mir-136 non-small cell lung cancer up

hsa-mir-136 glioblastoma down
hsa-mir-137 anaplastic astrocytoma down
hsa-mir-137 colorectal cancer down
hsa-mir-137 gastric cancer down
hsa-mir-137 glioblastoma down
hsa-mir-137 neuroblastoma down
hsa-mir-137 ovarian cancer down
hsa-mir-137 squamous carcinoma up

hsa-mir-137 uveal melanoma down
hsa-mir-138 anaplastic thyroid carcinoma down
hsa-mir-138 chronic myelogenous leukemia down
hsa-mir-138 colorectal cancer down
hsa-mir-138 esophageal squamous cell carcinoma down
hsa-mir-138 gastric cancer up

hsa-mir-138 head and neck squamous cell carcinoma  down
hsa-mir-138 hepatocellular carcinoma down
hsa-mir-138 nasopharyngeal carcinoma down
hsa-mir-138 non-small cell lung cancer down
hsa-mir-138 ovarian cancer down
hsa-mir-138 papillary thyroid carcinoma down
hsa-mir-138 renal cell carcinoma down
hsa-mir-138 renal clear cell carcinoma down
hsa-mir-139 colorectal cancer down
hsa-mir-139 colorectal carcinoma down
hsa-mir-139 glioma down
hsa-mir-139 hepatocellular carcinoma down
hsa-mir-139-3p colorectal cancer up

hsa-mir-140 non-small cell lung cancer down
hsa-mir-140 non-small cell lung cancer up

hsa-mir-140-5p hepatocellular carcinoma down
hsa-mir-140-5p liver cancer down
hsa-mir-141 bladder cancer up

hsa-mir-141 vladder cancer down
hsa-mir-141 breast cancer up

hsa-mir-141 gastric cancer down
hsa-mir-141 hepatocellular carcinoma down
hsa-mir-141 lung adenocarcinoma down
hsa-mir-141 malignant melanoma up

hsa-mir-141 mesenchymal cancer down
hsa-mir-141 non-small cell lung cancer up

hsa-mir-141 osteosarcoma down
hsa-mir-141 ovarian cancer down
hsa-mir-141 ovarian cancer up

hsa-mir-141 pancreatic cancer down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-141 renal cell carcinoma down
hsa-mir-141 renal clear cell carcinoma down
hsa-mir-141 prostate cancer up

hsa-mir-142-3p acute lymphoblastic leukemia down
hsa-mir-142-3p colon cancer down
hsa-mir-142-3p hepatocellular carcinoma down
hsa-mir-142-3p mantle cell lymphoma down
hsa-mir-142-3p non-small cell lung cancer up

hsa-mir-142-5p malt lymphoma up

hsa-mir-142-5p mantle cell lymphoma down
hsa-mir-142-5p osteosarcoma down
hsa-mir-142-5p lung cancer down
hsa-mir-143 bladder cancer down
hsa-mir-143 preast cancer down
hsa-mir-143 cervical cancer down
hsa-mir-143 colon cancer down
hsa-mir-143 colorectal cancer down
hsa-mir-143 colorectal carcinoma down
hsa-mir-143 esophageal squamous cell carcinoma down
hsa-mir-143 gastric cancer up

hsa-mir-143 glioblastoma down
hsa-mir-143 glioma down
hsa-mir-143 nasopharyngeal carcinoma down
hsa-mir-143 osteosarcoma down
hsa-mir-143 prostate cancer down
hsa-mir-143 renal cell carcinoma down
hsa-mir-144 nasopharyngeal carcinoma up

hsa-mir-144 bladder cancer down
hsa-mir-145 bladder cancer down
hsa-mir-145 preast cancer down
hsa-mir-145 cervical cancer down
hsa-mir-145 colon cancer down
hsa-mir-143 colorectal cancer down
hsa-mir-145 colorectal carcinoma down
hsa-mir-145 esophageal squamous cell carcinoma down
hsa-mir-145 esophageal squamous cell carcinoma up

hsa-mir-145 glioblastoma down
hsa-mir-145 glioma down
hsa-mir-145 hepatocellular carcinoma down
hsa-mir-145 kidney cancer down
hsa-mir-145 liver cancer down
hsa-mir-145 lung adenocarcinoma down
hsa-mir-145 lung cancer down
hsa-mir-145 nasopharyngeal carcinoma down
hsa-mir-145 neuroblastoma down
hsa-mir-145 non-small cell lung cancer down
hsa-mir-145 oral squamous cell carcinoma down
hsa-mir-143 osteosarcoma down
hsa-mir-145 ovarian cancer down
hsa-mir-145 primary cns lymphomas down
hsa-mir-145 prostate cancer down
hsa-mir-145 renal cell carcinoma down
hsa-mir-146a breast cancer down
hsa-mir-146a gastric cancer down
hsa-mir-146a gastric cancer up

hsa-mir-146a glioma down
hsa-mir-146a hepatocellular carcinoma down
hsa-mir-146a hepatocellular carcinoma up

hsa-mir-146a malignant melanoma down
hsa-mir-146a non-small cell lung cancer down
hsa-mir-146a oral squamous cell carcinoma up

hsa-mir-146a pancreatic cancer down
hsa-mir-146a papillary thyroid carcinoma down
hsa-mir-146a prostate cancer down
hsa-mir-146a renal cell carcinoma up

hsa-mir-146b anaplastic thyroid carcinoma up

hsa-mir-146b breast cancer down
hsa-mir-146b esophageal cancer up

hsa-mir-146b glioma down
hsa-mir-146b malignant melanoma down
hsa-mir-146b non-small cell lung cancer down
hsa-mir-146b oral squamous cell carcinoma up

hsa-mir-146b papillary thyroid carcinoma up




US 2023/0070399 Al

TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-146b primary thyroid lymphoma up
hsa-mir-146b renal cell carcinoma up
hsa-mir-146b-5p glioma down
hsa-mir-146b-5p papillary thyroid carcinoma up
hsa-mir-146b-5p glioblastoma down
hsa-mir-147 gastric cancer up
hsa-mir-147 breast cancer down
hsa-mir-148a breast cancer down
hsa-mir-148a cervical squamous cell carcinoma down
hsa-mir-148a colorectal cancer down
hsa-mir-148a gastric cancer down
hsa-mir-148a gastric cancer up
hsa-mir-148a gastrointestinal cancer down
hsa-mir-148a glioblastoma up
hsa-mir-148a hepatocellular carcinoma down
hsa-mir-148a non-small cell lung cancer down
hsa-mir-148a ovarian cancer down
hsa-mir-148a pancreatic cancer down
hsa-mir-14%8a pancreatic ductal adenocarcinoma down
hsa-mir-148b gastric cancer down
hsa-mir-148b ovarian cancer up
hsa-mir-148b OVAarian carcinoma up
hsa-mir-148b pancreatic cancer down
hsa-mir-148b colorectal cancer down
hsa-mir-149 gastric cancer down
hsa-mir-149 head and neck squamous cell carcinoma  down
hsa-mir-149 nasopharyngeal carcinoma up
hsa-mir-149 non-small cell lung cancer down
hsa-mir-150 chronic myelogenous leukemia down
hsa-mir-150 esophageal squamous cell carcinoma down
hsa-mir-150 gastric cancer up
hsa-mir-150 lung adenocarcinoma up
hsa-mir-150 lung cancer up
hsa-mir-150 mantle cell lvmphoma down
hsa-mir-150 breast cancer up
hsa-mir-150% colorectal cancer up
hsa-mir-150% pancreatic cancer down
hsa-mir-1350-5p pancreatic cancer down
hsa-mir-151 chronic myelogenous leukemia down
hsa-mir-151-3p osteosarcoma up
hsa-mir-151-5p papillary thyroid carcinoma up
hsa-mir-152 breast cancer down
hsa-mir-152 endometrial cancer down
hsa-mir-152 gastrointestinal cancer down
hsa-mir-152 glioma down
hsa-mir-152 ovarian cancer down
hsa-mir-152 pancreatic cancer down
hsa-mir-153 prostate cancer up
hsa-mir-153 glioblastoma down
hsa-mir-154 prostate cancer down
hsa-mir-154 colorectal cancer down
hsa-mir-155 bladder cancer down
hsa-mir-155 breast cancer up
hsa-mir-155 chronic lymphocytic leukemia up
hsa-mir-155 chronic myelogenous leukemia down
hsa-mir-155 clear cell renal cell cancer up
hsa-mir-155 colorectal cancer up
hsa-mir-155 cutaneous t-cell lymphoma up
hsa-mir-155 diffuse large B-cell lymphoma up
hsa-mir-155 endometrial cancer up
hsa-mir-155 gallbladder carcinoma up
hsa-mir-155 gastric cancer down
hsa-mir-155 glioma up
hsa-mir-155 hepatocellular carcinoma up
hsa-mir-155 lung adenocarcinoma up
hsa-mir-155 lung cancer up
hsa-mir-155 malignant melanoma down
hsa-mir-155 malt lymphoma up
hsa-mir-155 mantle cell lvmphoma up
hsa-mir-155 nasopharyngeal carcinoma up
hsa-mir-155 non-small cell lung cancer down
hsa-mir-155 oral squamous cell carcinoma up
hsa-mir-155 ovarian cancer down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-155 papillary thyroid carcinoma up
hsa-mir-155 rectal cancer up
hsa-mir-155 renal clear cell carcinoma up
hsa-mir-155 squamous carcinoma up
hsa-mir-15a breast cancer down
hsa-mir-135a chronic lymphocytic leukemia down
hsa-mir-15a colorectal cancer down
hsa-mir-135a lung cancer down
hsa-mir-15a neuroblastoma up
hsa-mir-135a pancreatic cancer down
hsa-mir-15a pancreatic cancer up
hsa-mir-135a pancreatic ductal adenocarcinoma down
hsa-mir-15a squUAaImous ¢carcinoma down
hsa-mir-135b chronic lymphocytic leukemia down
hsa-mir-15b colorectal cancer down
hsa-mir-135b glioma down
hsa-mir-15b hepatocellular carcinoma down
hsa-mir-15b lung cancer down
hsa-mir-15b malignant melanoma up
hsa-mir-15b neuroblastoma up
hsa-mir-15b tongue cancer down
hsa-mir-16 bladder cancer down
hsa-mir-16 breast cancer down
hsa-mir-16 chronic lymphocytic leukemia down
hsa-mir-16 colorectal cancer down
hsa-mir-16 esophageal squamous cell carcinoma up
hsa-mir-16 glioma down
hsa-mir-16 head and neck squamous cell carcinoma  up
hsa-mir-16 hepatocellular carcinoma down
hsa-mir-16 laryngeal carcinoma up
hsa-mir-16 non-small cell lung cancer down
hsa-mir-16 osteosarcoma down
hsa-mir-16 pancreatic ductal adenocarcinoma down
hsa-mir-16 papillary thyroid carcinoma down
hsa-mir-16 squUAaImous ¢carcinoma down
hsa-mir-16-1 chronic lymphocytic leukemia down
hsa-mir-16-1 lung cancer down
hsa-mir-16-1 neuroblastoma up
hsa-mir-16-1-3p chronic lymphocytic leukemia down
hsa-mir-16-2 chronic lymphocytic leukemia down
hsa-mir-16-2 lung cancer down
hsa-mir-16-2 neuroblastoma up
hsa-mir-17 acute myeloid leukemia down
hsa-mir-17 b-cell lymphoma up
hsa-mir-17 breast carcinoma up
hsa-mir-17 colorectal cancer up
hsa-mir-17 colorectal carcinoma up
hsa-mir-17 esophageal squamous cell carcinoma up
hsa-mir-17 gastric cancer up
hsa-mir-17 glioma up
hsa-mir-17 lung cancer up
hsa-mir-17 malignant melanoma up
hsa-mir-17 mantle cell lymphoma up
hsa-mir-17 medulloblastoma up
hsa-mir-17 nasopharyngeal cancer up
hsa-mir-17-3p bladder cancer up
hsa-mir-17-5p oreast cancer up
hsa-mir-17-3p breast cancer down
hsa-mir-17-5p cervical cancer down
hsa-mir-17-3p gastric cancer up
hsa-mir-17-5p hepatocellular carcinoma up
hsa-mir-17-3p malignant melanoma up
hsa-mir-17-5p non-small cell lung cancer down
hsa-mir-17-5p pancreatic cancer up
hsa-mir-181a acute myeloid leukemia down
hsa-mir-181a breast cancer down
hsa-mir-181a breast cancer up
hsa-mir-181a cervical cancer up
hsa-mir-181a chronic lymphocytic leukemia down
hsa-mir-181a gastric cancer up
hsa-mir-181a glioma down
hsa-mir-181a hepatocellular carcinoma up
hsa-mir-181a oral squamous cell carcinoma down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-181a osteosarcoma up
hsa-mir-181a pancreatic cancer up
hsa-mir-181a-1 papillary thyroid carcinoma up
hsa-mir-181a-1 hepatocellular carcinoma up
hsa-mir-181a-2 papillary thyroid carcinoma up
hsa-mir-181a-2 hepatocellular carcinoma up
hsa-mir-181a-2%* gastric cancer up
hsa-mir-181a-3p gastric cancer up
hsa-mir-181b breast cancer up
hsa-mir-181b cervical cancer up
hsa-mir-181b chronic lymphocytic leukemia down
hsa-mir-181b gastric adenocarcinoma down
hsa-mir-181b gastric cancer down
hsa-mir-181b glioma down
hsa-mir-181b hepatocellular carcinoma up
hsa-mir-181b non-small cell lung cancer down
hsa-mir-181b osteosarcoma up
hsa-mir-181b prostate cancer up
hsa-mir-181b-1 papillary thyroid carcinoma up
hsa-mir-181b-1 hepatocellular carcinoma up
hsa-mir-181b-2 papillary thyroid carcinoma up
hsa-mir-181b-2 hepatocellular carcinoma up
hsa-mir-181c¢ gastric cancer up
hsa-mir-181c¢ hepatocellular carcinoma up
hsa-mir-181c¢ neuroblastoma down
hsa-mir-181c¢ osteosarcoma up
hsa-mir-181c¢ papillary thyroid carcinoma up
hsa-mir-181d glioma down
hsa-mir-181d hepatocellular carcinoma up
hsa-mir-181d papillary thyroid carcinoma up
hsa-mir-182 bladder cancer up
hsa-mir-182 breast cancer up
hsa-mir-182 colorectal cancer up
hsa-mir-182 endometrial cancer up
hsa-mir-182 gallbladder carcinoma up
hsa-mir-182 gastric adenocarcinoma down
hsa-mir-182 glioma up
hsa-mir-182 hepatocellular carcinoma up
hsa-mir-182 lung cancer up
hsa-mir-182 malignant melanoma up
hsa-mir-182 ovarian cancer up
hsa-mir-182 ovarian carcinoma up
hsa-mir-182 prostate cancer up
hsa-mir-182 uveal melanoma down
hsa-mir-182-5p prostate cancer up
hsa-mir-182-5p bladder cancer up
hsa-mir-1826 kidney cancer down
hsa-mir-1826 breast cancer down
hsa-mir-183 bladder cancer up
hsa-mir-183 breast cancer down
hsa-mir-183 colorectal cancer up
hsa-mir-183 glioma up
hsa-mir-183 hepatocellular carcinoma up
hsa-mir-183 medullary thyroid carcinoma up
hsa-mir-1%83 osteosarcoma down
hsa-mir-183 prostate cancer up
hsa-mir-183 retinoblastoma down
hsa-mir-184 hepatocellular carcinoma up
hsa-mir-184 malignant melanoma down
hsa-mir-184 neuroblastoma down
hsa-mir-184 glioma down
hsa-mir-183 bladder cancer up
hsa-mir-185 esophageal squamous cell carcinoma down
hsa-mir-185 gastric cancer down
hsa-mir-185 gastric cancer up
hsa-mir-185 glioma down
hsa-mir-185 malignant melanoma down
hsa-mir-186 non-small cell lung cancer down
hsa-mir-186 colon carcinoma down
hsa-mir-18a b-cell lymphoma up
hsa-mir-18a bladder cancer down
hsa-mir-18a breast carcinoma up
hsa-mir-18a colon cancer up
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-18a colorectal cancer up
hsa-mir-18a esophageal squamous cell carcinoma up
hsa-mir-18a gastric cancer up
hsa-mir-18a lung cancer up
hsa-mir-18a malignant melanoma up
hsa-mir-18a mantle cell lymphoma up
hsa-mir-18a medulloblastoma up
hsa-mir-18a nasopharyngeal carcinoma up
hsa-mir-18a non-small cell lung cancer up
hsa-mir-18a pancreatic cancer up
hsa-mir-18a pancreatic ductal adenocarcinoma up
hsa-mir-18b malignant melanoma down
hsa-mir-18b breast cancer up
hsa-mir-190b hepatocellular carcinoma up
hsa-mir-191 breast cancer down
hsa-mir-191 oreast cancer up
hsa-mir-191 colorectal cancer down
hsa-mir-191 colorectal carcinoma up
hsa-mir-191 gastric cancer up
hsa-mir-191 hepatocellular carcinoma up
hsa-mir-191 osteosarcoma up
hsa-mir-192 colon cancer down
hsa-mir-192 colorectal cancer down
hsa-mir-192 gastric cancer up
hsa-mir-192 lung cancer down
hsa-mir-192 pancreatic ductal adenocarcinoma up
hsa-mir-192 vbladder cancer down
hsa-mir-193a-3p oreast cancer down
hsa-mir-193b preast cancer down
hsa-mir-193b glioma up
hsa-mir-193b malignant melanoma down
hsa-mir-193b malignant melanoma up
hsa-mir-193b non-small cell lung cancer down
hsa-mir-193b primary cns lymphomas down
hsa-mir-194 lung cancer down
hsa-mir-194 pancreatic ductal adenocarcinoma up
hsa-mir-194 colorectal cancer down
hsa-mir-195 adrenal cortical carcinoma down
hsa-mir-195 bladder cancer down
hsa-mir-195 breast cancer down
hsa-mir-195 chronic lymphocytic leukemia down
hsa-mir-195 colorectal cancer down
hsa-mir-195 esophageal squamous cell carcinoma down
hsa-mir-195 gastric cancer down
hsa-mir-193 glioblastoma down
hsa-mir-195 glioma down
hsa-mir-193 hepatocellular carcinoma down
hsa-mir-195 lung cancer down
hsa-mir-193 neuroblastoma up
hsa-mir-195 non-small cell lung cancer down
hsa-mir-195 osteosarcoma down
hsa-mir-196a cervical cancer up
hsa-mir-196a colorectal cancer down
hsa-mir-196a esophageal adenocarcinoma up
hsa-mir-196a gastric cancer up
hsa-mir-196a gastromtestinal stromal tumor up
hsa-mir-196a glioblastoma up
hsa-mir-196a non-small cell lung cancer up
hsa-mir-196a pancreatic cancer up
hsa-mir-196a pancreatic ductal adenocarcinoma up
hsa-mir-196a squamous carcinoma up
hsa-mir-196a* gastric cancer up
hsa-mir-196a-1 oral squamous cell carcinoma up
hsa-mir-196a-1 glioblastoma up
hsa-mir-196a-2 oral squamous cell carcinoma up
hsa-mir-196a-2 glioblastoma up
hsa-mir-196b gastric cancer up
hsa-mir-196b glioblastoma up
hsa-mir-196b oral squamous cell carcinoma up
hsa-mir-197 gastric cancer down
hsa-mir-197 lung cancer up
hsa-mir-197 follicular thyroid carcinoma up
hsa-mir-1974 adrenal cortical carcinoma down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-198 lung cancer down
hsa-mir-198 pancreatic cancer down
hsa-mir-198 hepatocellular carcinoma down
hsa-mir-199a gastric cancer up
hsa-mir-199a hepatocellular carcinoma down
hsa-mir-199a kidney cancer down
hsa-mir-199a non-small cell lung cancer down
hsa-mir-199a ovarian cancer down
hsa-mir-199a primary cns lymphomas down
hsa-mir-199a-3p gastric cancer down
hsa-mir-199a-3p osteosarcoma down
hsa-mir-199a-3p esophageal adenocarcinoma up
hsa-mir-199a-5p esophageal adenocarcinoma up
hsa-mir-199a-5p hepatocellular carcinoma down
hsa-mir-199a-5p colorectal cancer down
hsa-mir-199b choriocarcinoma down
hsa-mir-199b hepatocellular carcinoma down
hsa-mir-199b prostate cancer down
hsa-mir-199b-3p esophageal adenocarcinoma up
hsa-mir-199b-5p hepatocellular carcinoma down
hsa-mir-199b-5p medulloblastoma down
hsa-mir-199b-5p mesenchymal cancer down
hsa-mir-199b-5p oreast cancer down
hsa-mir-19a b-cell lymphoma up
hsa-mir-19a breast carcinoma up
hsa-mir-19a cervical cancer up
hsa-mir-19a colorectal cancer up
hsa-mir-19a esophageal squamous cell carcinoma up
hsa-mir-19a gastric cancer up
hsa-mir-19a glioma up
hsa-mir-19a lung cancer up
hsa-mir-19a mantle cell lymphoma up
hsa-mir-19a medulloblastoma up
hsa-mir-19a non-small cell lung cancer up
hsa-mir-19a-3p breast cancer down
hsa-mir-19b b-cell lymphoma up
hsa-mir-19b breast carcinoma up
hsa-mir-19b cervical cancer up
hsa-mir-19b colorectal cancer up
hsa-mir-19b esophageal squamous cell carcinoma up
hsa-mir-19b gastric cancer up
hsa-mir-19b glioma up
hsa-mir-19b lung cancer up
hsa-mir-19b mantle cell lymphoma up
hsa-mir-19b medulloblastoma up
hsa-mir-200a bladder cancer down
hsa-mir-200a breast cancer up
hsa-mir-200a esophageal adenocarcinoma up
hsa-mir-200a gastric adenocarcinoma down
hsa-mir-200a glioma down
hsa-mir-200a hepatocellular carcinoma down
hsa-mir-200a lung adenocarcinoma down
hsa-mir-200a malignant melanoma up
hsa-mir-200a meningioma down
hsa-mir-200a mesenchymal cancer down
hsa-mir-200a non-small cell lung cancer up
hsa-mir-200a ovarian cancer down
hsa-mir-200b bladder cancer down
hsa-mir-200b preast cancer down
hsa-mir-200b breast cancer up
hsa-mir-200b cholangiocarcinoma down
hsa-mir-200b esophageal squamous cell carcinoma down
hsa-mir-200b gastric cancer up
hsa-mir-200b gastric cancer down
hsa-mir-200b glioma down
hsa-mir-200b lung adenocarcinoma down
hsa-mir-200b malignant melanoma up
hsa-mir-200b mesenchymal cancer down
hsa-mir-200b nasopharyngeal carcinoma down
hsa-mir-200b ovarian cancer down
hsa-mir-200b prostate cancer down
hsa-mir-200b tongue cancer down
hsa-mir-200c¢ bladder cancer down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-200¢ breast cancer up
hsa-mir-200c¢ cholangiocarcinoma down
hsa-mir-200c¢ colon cancer down
hsa-mir-200c¢ colorectal cancer down
hsa-mir-200¢ colorectal cancer up
hsa-mir-200¢ endometrial cancer up
hsa-mir-200c¢ gastric cancer down
hsa-mir-200¢ head and neck squamous cell carcinoma  down
hsa-mir-200c¢ hepatocellular carcinoma down
hsa-mir-200¢ lung adenocarcinoma down
hsa-mir-200c¢ malignant melanoma up
hsa-mir-200¢ malignant melanoma down
hsa-mir-200c¢ mesenchymal cancer down
hsa-mir-200¢ non-small cell lung cancer up
hsa-mir-200c¢ ovarian cancer down
hsa-mir-200¢ ovarian cancer up
hsa-mir-200¢ rectal cancer up
hsa-mir-200c¢ renal clear cell carcinoma down
hsa-mir-202-3p gastric cancer down
hsa-mir-202-3p colorectal carcinoma down
hsa-mir-203 basal cell carcinoma down
hsa-mir-203 bladder cancer down
hsa-mir-203 bladder cancer up
hsa-mir-203 oreast cancer up
hsa-mir-203 cervical cancer down
hsa-mir-203 colorectal cancer up
hsa-mir-203 esophageal adenocarcinoma down
hsa-mir-203 esophageal cancer down
hsa-mir-203 esophageal squamous cell carcinoma down
hsa-mir-203 glioma down
hsa-mir-203 hepatocellular carcinoma down
hsa-mir-203 lung cancer down
hsa-mir-203 malignant melanoma down
hsa-mir-203 pancreatic adenocarcinoma up
hsa-mir-203 pancreatic cancer down
hsa-mir-203 pancreatic ductal adenocarcinoma up
hsa-mir-203 rhabdomyosarcoma down
hsa-mir-203 squamous carcinoma down
hsa-mir-203 squamous carcinoma up
hsa-mir-204 glioma down
hsa-mir-204 malignant melanoma down
hsa-mir-204 prostate cancer up
hsa-mir-204 renal clear cell carcinoma down
hsa-mir-204 gastric cancer down
hsa-mir-203 bladder cancer up
hsa-mir-203 bladder cancer down
hsa-mir-205 breast cancer down
hsa-mir-205 cervical cancer up
hsa-mir-203 cervical squamous cell carcinoma up
hsa-mir-203 endometrial cancer up
hsa-mir-203 glioma down
hsa-mir-203 head and neck squamous cell carcinoma  down
hsa-mir-205 hepatocellular carcinoma down
hsa-mir-203 kidney cancer down
hsa-mir-205 laryngeal squamous cell carcinoma down
hsa-mir-203 lung cancer up
hsa-mir-205 malignant melanoma down
hsa-mir-203 non-small cell lung cancer up
hsa-mir-205 prostate cancer down
hsa-mir-203 squamous carcinoma down
hsa-mir-205-3p non-small cell lung cancer up
hsa-mir-205-5p non-small cell lung cancer up
hsa-mir-206 gastric cancer down
hsa-mir-206 laryngeal squamous cell carcinoma down
hsa-mir-206 malignant melanoma down
hsa-mir-206 breast cancer down
hsa-mir-20a acute myeloid leukemia down
hsa-mir-20a b-cell lymphoma up
hsa-mir-20a oreast cancer up
hsa-mir-20a breast carcinoma up
hsa-mir-20a cervical cancer up
hsa-mir-20a colorectal cancer up
hsa-mir-20a esophageal squamous cell carcinoma up




US 2023/0070399 Al

TABLE 1-continued

miRNA biomarkers of human cancers
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile miRNA cancer profile
hsa-mir-20a gastric cancer up hsa-mir-214 nasopharyngeal carcinoma up
hsa-mir-20a glioma up hsa-mir-214 osteosarcoma up
hsa-mir-20a hepatocellular carcinoma down hsa-mir-214 ovarian cancer up
hsa-mir-20a lung cancer up hsa-mir-214 pancreatic cancer down
hsa-mir-20a malignant melanoma up hsa-mir-214 pancreatic cancer up
hsa-mir-20a mantle cell lvmphoma up hsa-mir-214 primary cns lymphomas down
hsa-mir-20a medulloblastoma up hsa-mir-215 colon cancer down
hsa-mir-20a nasopharyngeal cancer up hsa-mir-215 colorectal cancer down
hsa-mir-20a ovarian cancer up hsa-mir-215 gastric cancer up
hsa-mir-20a prostate cancer up hsa-mir-215 hepatocellular carcinoma up
hsa-mir-20a-5p colorectal cancer up hsa-mir-216a hepatocellular carcinoma up
hsa-mir-20b hepatocellular carcinoma up hsa-mir-216a pancreatic cancer down
hsa-mir-21 adrenal cortical carcinoma up hsa-mir-216b nasopharyngeal carcinoma down
hsa-mir-21 breast cancer up hsa-mir-217 pancreatic ductal adenocarcinoma down
hsa-mir-21 cervical carcinoma up hsa-mir-217 hepatocellular carcinoma up
hsa-mir-21 cholangiocarcinoma up hsa-mir-218 breast cancer down
hsa-mir-21 colorectal cancer up hsa-mir-218 cervical cancer down
hsa-mir-21 colorectal carcinoma up hsa-mir-218 cervical squamous cell carcinoma down
hsa-mir-21 diffuse large B-cell lvmphoma up hsa-mir-218 colorectal cancer down
hsa-mir-21 endometrial cancer up hsa-mir-218 gastric cancer down
hsa-mir-21 esophageal squamous cell carcinoma up hsa-mir-218 gastromntestinal stromal tumor down
hsa-mir-21 esophageal squamous cell carcinoma down hsa-mir-218 glioma down
hsa-mir-21 gastric cancer up hsa-mir-218 head and neck squamous cell carcinoma  down
hsa-mir-21 glioblastoma up hsa-mir-218 lung cancer down
hsa-mir-21 glioblastoma down hsa-mir-218 lung squamous cell carcinoma down
hsa-mir-21 head and neck cancer up hsa-mir-218 nasopharyngeal cancer down
hsa-mir-21 head and neck squamous cell carcinoma  up hsa-mir-218 oral cancer down
hsa-mir-21 hepatocellular carcinoma up hsa-mir-218 osteosarcoma down
hsa-mir-21 hypopharyngeal squamous cell carcinoma up hsa-mir-218 pancreatic ductal adenocarcinoma down
hsa-mir-21 kidney cancer up hsa-mir-218 renal cell carcinoma down
hsa-mir-21 laryngeal carcinoma up hsa-mir-218 renal clear cell carcinoma down
hsa-mir-21 laryngeal squamous cell carcinoma up hsa-mir-219-5p glioma down
hsa-mir-21 liver cancer up hsa-mir-219-5p hepatocellular carcinoma down
hsa-mir-21 lung cancer up hsa-mir-219-5p glioblastoma down
hsa-mir-21 malignant melanoma up hsa-mir-22 colon cancer down
hsa-mir-21 non-small cell lung cancer up hsa-mir-22 colorectal cancer down
hsa-mir-21 oral cancer up hsa-mir-22 esophageal squamous cell carcinoma down
hsa-mir-21 osteosarcoma up hsa-mir-22 gastric cancer down
hsa-mir-21 ovarian cancer up hsa-mir-22 hepatocellular carcinoma down
hsa-mir-21 pancreatic cancer up hsa-mir-22 lung cancer down
hsa-mir-21 pancreatic ductal adenocarcinoma up hsa-mir-22 medulloblastoma down
hsa-mir-21 papillary thyroid carcinoma up hsa-mir-22 non-small cell lung cancer up
hsa-mir-21 renal cell carcinoma up hsa-mir-22 t-cell lymphoma down
hsa-mir-21 squAaImous carcinoma up hsa-mir-221 anaplastic thyroid carcinoma up
hsa-mir-21-3p hepatocellular carcinoma down hsa-mir-221 bladder cancer up
hsa-mir-210 adrenal cortical carcinoma up hsa-mir-221 breast cancer up
hsa-mir-210 bladder cancer up hsa-mir-221 colon carcinoma up
hsa-mir-210 esophageal squamous cell carcinoma down hsa-mir-221 colorectal cancer up
hsa-mir-210 gastric cancer down hsa-mir-221 gastric cancer up
hsa-mir-210 glioma up hsa-mir-221 gastromtestinal stromal tumor down
hsa-mir-210 hepatocellular carcinoma up hsa-mir-221 glioma up
hsa-mir-210 kidney cancer up hsa-mir-221 hepatocellular carcinoma up
hsa-mir-210 lung cancer up hsa-mir-221 malignant melanoma up
hsa-mir-210 malignant melanoma up hsa-mir-221 non-small cell lung cancer down
hsa-mir-210 osteosarcoma up hsa-mir-221 non-small cell lung cancer up
hsa-mir-210 renal cell carcinoma up hsa-mir-221 oral squamous cell carcinoma up
hsa-mir-210 renal clear cell carcinoma up hsa-mir-221 osteosarcoma up
hsa-mir-211 malignant melanoma down hsa-mir-221 ovarian cancer up
hsa-mir-211 colorectal cancer up hsa-mir-221 pancreatic cancer up
hsa-mir-212 colorectal cancer down hsa-mir-221 papillary thyroid carcinoma up
hsa-mir-212 gastric cancer down hsa-mir-221 prostate cancer up
hsa-mir-212 hepatocellular carcinoma down hsa-mir-221 squamous carcinoma up
hsa-mir-212 non-small cell lung cancer up hsa-mir-221 thyroid carcinoma up
hsa-mir-212 non-small cell lung cancer down hsa-mir-221 gastric cancer up
hsa-mir-212 pancreatic cancer up hsa-mir-222 anaplastic thyroid carcinoma up
hsa-mir-214 cervical cancer down hsa-mir-222 breast cancer up
hsa-mir-214 cervical squamous cell carcinoma down hsa-mir-222 gastric cancer up
hsa-mir-214 esophageal squamous cell carcinoma down hsa-mir-222 gastrointestinal stromal tumor down
hsa-mir-214 gastric cancer up hsa-mir-222 glioblastoma down
hsa-mir-214 hepatocellular carcinoma down hsa-mir-222 glioma up
hsa-mir-214 hepatocellular carcinoma up hsa-mir-222 hepatocellular carcinoma up
hsa-mir-214 malignant melanoma up hsa-mir-222 malignant melanoma up
hsa-mir-214 multiple myeloma down hsa-mir-222 non-small cell lung cancer up
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA

hsa-mir-222
hsa-mir-222
hsa-mir-222
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-223
hsa-mir-224
hsa-mir-224
hsa-mir-224
hsa-mir-224
hsa-mir-224
hsa-mir-224
hsa-mir-23a
hsa-mir-23a
hsa-mir-23a
hsa-mir-23a
hsa-mir-23a
hsa-mir-23a
hsa-mir-23a
hsa-mir-23a
hsa-mir-23
hsa-mir-23
hsa-mir-23
hsa-mir-23
hsa-mir-23
hsa-mir-23
hsa-mir-24
hsa-mir-24
hsa-mir-24
hsa-mir-24
hsa-mir-24
hsa-mir-24
hsa-mir-24

D
0
D
0
D
0

hsa-mir-25
hsa-mir-25
hsa-mir-25
hsa-mir-25
hsa-mir-25
hsa-mir-25
hsa-mir-25
hsa-mir-25
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26a
hsa-mir-26b
hsa-mir-26b
hsa-mir-26b
hsa-mir-26b
’

hsa-mir-26
hsa-mir-27a

hsa-mir-24-2-5p
hsa-mir-24-3p

cancer

oral squamous cell carcinoma
papillary thyroid carcinoma
thyroid carcinoma

acute myeloid leukemia
bladder cancer

chronic lymphocytic leukemia
colorectal cancer

esophageal adenocarcinoma
esophageal squamous cell carcinoma
gastric cancer

glioblastoma

hepatocellular carcinoma
hepatocellular carcinoma
lung cancer

mantle cell lymphoma
nasopharyngeal cancer
splenic marginal zone lymphoma
breast cancer

cervical cancer

colorectal cancer

glioma

hepatocellular carcinoma
prostate cancer

bladder cancer

breast cancer

colon carcinoma

gastric adenocarcinoma
gastric cancer

glioma

hepatocellular carcinoma
neuroblastoma

bladder cancer

bladder cancer

gastric cancer

glioma

ovarian cancer

prostate cancer

breast carcinoma

glioma

laryngeal squamous cell carcinoma
lung cancer

non-small cell lung cancer
oral squamous cell carcinoma
osteosarcoma

breast cancer

glioma

colon cancer

colorectal cancer

endometrial cancer
esophageal squamous cell carcinoma
gastric cancer

head and neck squamous cell carcinoma
hepatocellular carcinoma
ovarian cancer

acute myeloid leukemia
bladder cancer

breast cancer
cholangiocarcinoma

gastric cancer

glioma

hepatocellular carcinoma
malignant melanoma
osteosarcoma

ovarian cancer

papillary thyroid carcinoma
primary thyroid lymphoma
prostate cancer

breast cancer

colorectal cancer

glioma

prostate cancer

bladder cancer

acute leukemia

profile

up
up
up
down
up
down

down
up
up
up
up
up
up
up
up
down
up
up
down
up
down
up
up
down
up
up
up
down
up
up
down
up
up
up
up
up
up
up
down
down
down
up
down
up
down
down
down

A0OWI1
AOWI1
A0OWI1
A0WI1
AO0OWI1
A0WI1
AO0OWI1

down
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TABLE 1-continued

miRNA biomarkers of human cancers

hsa-mir-29
hsa-mir-29
hsa-mir-29
hsa-mir-29b-1
hsa-mir-29b-1
hsa-mir-29b-1
hsa-mir-29b-1
hsa-mir-29b-1
hsa-mir-29b-2
hsa-mir-29b-2
hsa-mir-29b-2
hsa-mir-29b-2
hsa-mir-29c¢
hsa-mir-29c
hsa-mir-29c¢
hsa-mir-29c¢
hsa-mir-29c¢
hsa-mir-29c¢
hsa-mir-29c
hsa-mir-29c¢
hsa-mir-29c
hsa-mir-29c¢
hsa-mir-29c
hsa-mir-29c¢
hsa-mir-301
hsa-mir-301
hsa-mir-301
hsa-mir-301
hsa-mir-301
hsa-mir-302
hsa-mir-302
hsa-mir-302
hsa-mir-302
hsa-mir-30a
hsa-mir-30a
hsa-mir-30a
hsa-mir-30a
hsa-mir-30a-3p

miRNA

hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a
hsa-mir-27a-3p
hsa-mir-27b
hsa-mir-27b
hsa-mir-27b
hsa-mir-28-3p
hsa-mir-28-5p
hsa-mir-296-5p
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29a
hsa-mir-29b
hsa-mir-29b
hsa-mir-29b
hsa-mir-29b
b
’
’

S

a
a
a
a
D
D
D
D
f

1-5p

hsa-mir-30a-3p

cancer

breast cancer

esophageal squamous cell carcinoma
gastric adenocarcinoma

gastric cancer

non-small cell lung cancer
osteosarcoma

ovarian cancer

pancreatic cancer

small cell lung cancer

squAaImous carcinoma

head and neck squamous cell carcinoma
glioma

glioma

ovarian cancer

gastric cancer

colorectal cancer

colorectal cancer

gastric cancer

acute myeloid leukemia

acute myeloid leukemia

breast cancer

cervical squamous cell carcinoma
colorectal cancer

gastric cancer

head and neck squamous cell carcinoma
hepatocellular carcinoma

mantle cell lymphoma

mesenchymal cancer

non-small cell lung cancer

oral squamous cell carcinoma
glioblastoma

lung adenocarcinoma

mantle cell lymphoma

non-small cell lung cancer
osteosarcoma

prostate cancer

chronic lymphocytic leukemia
gastric cancer

head and neck squamous cell carcinoma
hepatocellular carcinoma
mesenchymal cancer

mesenchymal cancer

head and neck squamous cell carcinoma
hepatocellular carcinoma
mesenchymal cancer

gastric cancer

esophageal squamous cell carcinoma
gastric cancer

glioma

head and neck squamous cell carcinoma
hepatocellular carcinoma

lung cancer

mantle cell lymphoma

mesenchymal cancer
nasopharyngeal cancer
nasopharyngeal carcinoma
non-small cell lung cancer
non-small cell lung cancer

gastric cancer

hepatocellular carcinoma

pancreatic adenocarcinoma
pancreatic cancer

pancreatic carcinoma

gastric adenocarcinoma
hepatocellular carcinoma

esophageal squamous cell carcinoma
gastric cancer

breast cancer

colorectal carcinoma

non-small cell lung cancer

prostate cancer

hepatocellular carcinoma
colorectal cancer

profile

up
down
up
up
down
up
up
up
down
up
down
up
up
up
up
down
down
up
up
down
up
down

OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
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down
up
up
up
up
up
down
down
down

OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-30a-5p colon carcinoma down
hsa-mir-30a-5p esophageal squamous cell carcinoma up
hsa-mir-30a-5p gastric cancer down
hsa-mir-30a-5p glioma up
hsa-mir-30a-5p head and neck squamous cell carcinoma  up
hsa-mir-30b medulloblastoma up
hsa-mir-30b prostate cancer down
hsa-mir-30b colorectal cancer down
hsa-mir-30b-5p pancreatic ductal adenocarcinoma up
hsa-mir-30c acute myeloid leukemia down
hsa-mir-30c endometrial cancer down
hsa-mir-30c renal cell carcinoma down
hsa-mir-30c¢-1 prostate cancer down
hsa-mir-30¢-2 prostate cancer down
hsa-mir-30d hepatocellular carcinoma up
hsa-mir-30d lung cancer up
hsa-mir-30d medulloblastoma up
hsa-mir-30d non-small cell lung cancer down
hsa-mir-30d prostate cancer down
hsa-mir-30d renal cell carcinoma down
hsa-mir-30e prostate cancer down
hsa-mir-30e* glioma up
hsa-mir-30e-5p non-small cell lung cancer down
hsa-mir-31 breast cancer down
hsa-mir-31 chronic myelogenous leukemia down
hsa-mir-31 colon cancer up
hsa-mir-31 colorectal cancer up
hsa-mir-31 esophageal squamous cell carcinoma up
hsa-mir-31 gastric cancer down
hsa-mir-31 glioblastoma down
hsa-mir-31 hepatocellular carcinoma up
hsa-mir-31 lung adenocarcinoma up
hsa-mir-31 malignant melanoma down
hsa-mir-31 non-small cell lung cancer up
hsa-mir-31 oral carcinoma up
hsa-mir-31 oral squamous cell carcinoma up
hsa-mir-31 pancreatic ductal adenocarcinoma up
hsa-mir-31 prostate cancer up
hsa-mir-31 prostate cancer down
hsa-mir-32 colorectal cancer up
hsa-mir-32 acute myeloid leukemia up
hsa-mir-320 osteosarcoma down
hsa-mir-320a colon cancer down
hsa-mir-320a colorectal cancer down
hsa-mir-324-3p nasopharyngeal carcinoma down
hsa-mir-326 glioblastoma down
hsa-mir-326 glioma down
hsa-mir-326 chronic myelogenous leukemia down
hsa-mir-328 colorectal cancer down
hsa-mir-328 gastric cancer down
hsa-mir-328 glioma up
hsa-mir-328 non-small cell lung cancer up
hsa-mir-330 prostate cancer down
hsa-mir-330 glioblastoma down
hsa-mir-331-3p glioblastoma down
hsa-mir-331-3p prostate cancer down
hsa-mir-331-3p gastric cancer down
hsa-mir-335 adrenal cortical carcinoma down
hsa-mir-335 astrocytoma up
hsa-mir-335 breast cancer down
hsa-mir-335 glioma up
hsa-mir-335 hepatocellular carcinoma down
hsa-mir-335 Meningioma up
hsa-mir-335 mesenchymal cancer down
hsa-mir-335 neuroblastoma down
hsa-mir-335 non-small cell lung cancer down
hsa-mir-335 osteosarcoma down
hsa-mir-333 ovarian cancer down
hsa-mir-335 primary gallbladder carcinoma down
hsa-mir-333 renal clear cell carcinoma down
hsa-mir-337-3p gastric cancer up
hsa-mir-33%8-3p colorectal carcinoma down
hsa-mir-338-3p gastric cancer down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-338-3p hepatocellular carcinoma down
hsa-mir-33%8-3p liver cancer down
hsa-mir-33%8-3p neuroblastoma down
hsa-mir-339 non-small cell lung cancer up

hsa-mir-339-5p breast cancer down
hsa-mir-33a hepatocellular carcinoma down
hsa-mir-340 osteosarcoma down
hsa-mir-340% gastric cancer up

hsa-mir-342 colorectal cancer down
hsa-mir-342 glioblastoma down
hsa-mir-342 acute promyelocytic leukemia down
hsa-mir-345 colorectal cancer down
hsa-mir-346 ovarian cancer up

hsa-mir-346 follicular thyroid carcinoma up

hsa-mir-34a b-cell lymphoma down
hsa-mir-34a breast cancer down
hsa-mir-34a cervical carcinoma down
hsa-mir-34a choriocarcinoma down
hsa-mir-34a colon cancer down
hsa-mir-34a colorectal cancer down
hsa-mir-34a endometrial cancer down
hsa-mir-34a gastric cancer up

hsa-mir-34a gastric cancer down
hsa-mir-34a glioblastoma down
hsa-mir-34a glioma down
hsa-mir-34a head and neck squamous cell carcinoma  down
hsa-mir-34a hepatocellular carcinoma down
hsa-mir-34a lung cancer down
hsa-mir-34a malignant melanoma down
hsa-mir-34a neuroblastoma down
hsa-mir-34a non-small cell lung cancer down
hsa-mir-34a non-small cell lung cancer up

hsa-mir-34a osteosarcoma down
hsa-mir-34a ovarian cancer down
hsa-mir-34a pancreatic cancer down
hsa-mir-34a papillary thyroid carcinoma up

hsa-mir-34a prostate cancer down
hsa-mir-34a rectal cancer up

hsa-mir-34a renal cell carcinoma down
hsa-mir-34a retinoblastoma down
hsa-mir-34a squamous carcinoma up

hsa-mir-34a
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34
hsa-mir-34c¢
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c
hsa-mir-34c¢
hsa-mir-34c
hsa-mir-34c¢
hsa-mir-34¢-3p
hsa-mir-34c¢-5p
hsa-mir-361-3p
hsa-mir-363
hsa-mir-365

D
D
D
0
D
0
D
0
D
D
D
D

hsa-mir-363
hsa-mir-3635b-3p

uveal melanoma

breast cancer

chronic lymphocytic leukemia
endometrial serous adenocarcinoma
gastric cancer

lung cancer

non-small cell lung cancer
ovarian cancer

Ovarian carcinoma

pancreatic cancer

papillary thyroid carcinoma
prostate cancer

uveal melanoma

breast cancer

chronic lymphocytic leukemia
colon cancer

endometrial cancer

gastric cancer

lung cancer

malignant melanoma

ovarian cancer

Ovarian carcinoma

pancreatic cancer

prostate cancer

uveal melanoma

glioma

glioma

non-small cell lung cancer
head and neck squamous cell carcinoma
lung cancer

colon cancer
retinoblastoma
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA

hsa-mir-369-5p
hsa-mir-370
hsa-mir-370
hsa-mir-370
hsa-mir-370
hsa-mir-370
hsa-mir-371-5p
hsa-mir-372
hsa-mir-372
hsa-mir-372
hsa-mir-372
hsa-mir-373
hsa-mir-373
hsa-mir-373
hsa-mir-373
hsa-mir-373
hsa-mir-374a
hsa-mir-374b
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-375
hsa-mir-376a
hsa-mir-376a
hsa-mir-376a
hsa-mir-376a
hsa-mir-376c¢
hsa-mir-376c
hsa-mir-378
hsa-mir-378
hsa-mir-378
hsa-mir-378
hsa-mir-378
hsa-mir-378a-3p
hsa-mir-378a-3p
hsa-mir-379
hsa-mir-381
hsa-mir-381
hsa-mir-383
hsa-mir-383
hsa-mir-409-3p
hsa-mir-409-3p
hsa-mir-409-3p
hsa-mir-411
hsa-mir-421
hsa-mir-421
hsa-mir-422a
hsa-mir-423
hsa-mir-424
hsa-mir-424
hsa-mir-424
hsa-mir-424
hsa-mir-424
hsa-mir-424-5p
hsa-mir-425
hsa-mir-425
hsa-mir-429
hsa-mir-429
hsa-mir-429

hsa-mir-429
hsa-mir-429

cancer

pancreatic ductal adenocarcinoma
gastric cancer

hepatocellular carcinoma

laryngeal squamous cell carcinoma
oral squamous cell carcinoma
acute myeloid leukemia
hepatocellular carcinoma

cervical cancer

glioma

hepatocellular carcinoma
hepatocellular carcinoma

colon cancer

esophageal squamous cell carcinoma
gastric adenocarcinoma
hepatocellular carcinoma

oreast cancer

preast cancer

prostate cancer

cervical squamous cell carcinoma
colorectal cancer

esophageal cancer

esophageal squamous cell carcinoma
gastric cancer

glioma

head and neck squamous cell carcinoma

hepatocellular carcinoma
nasopharyngeal carcinoma
non-small cell lung cancer
oral cancer

oral carcinoma

pancreatic cancer
pancreatic carcinoma
pancreatic ductal adenocarcinoma
squUAIMOous carcinoma
hepatocellular carcinoma
malignant melanoma
pancreatic ductal adenocarcinoma
glioblastoma
osteosarcoma

malignant melanoma
acute myeloid leukemia
colorectal cancer

gastric cancer
nasopharyngeal carcinoma
ovarian cancer

colorectal cancer
colorectal cancer

oreast cancer

lung adenocarcinoma
oreast cancer
medulloblastoma

glioma

bladder cancer

gastric cancer

ovarian cancer

ovarian cancer

gastric cancer
nasopharyngeal carcinoma
colorectal cancer
hepatocellular carcinoma
cervical cancer

colon cancer

colorectal cancer
osteosarcoma

ovarian cancer

pancreatic cancer

gastric cancer

oreast cancer

bladder cancer

oreast cancer

colorectal cancer

colorectal carcinoma
gastric cancer

profile

up
up
down
down
down
up
up
down
up
down
up
down

down
down
up
up
down
down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA

hsa-mir-429
hsa-mir-429
hsa-mir-429
hsa-mir-429
hsa-mir-429
hsa-mir-429
hsa-mir-432
hsa-mir-433
hsa-mir-433
hsa-mir-4423
hsa-mir-449
hsa-mir-449a
hsa-mir-449a
hsa-mir-449a
hsa-mir-449a
hsa-mir-449a
hsa-mir-449b
hsa-mir-450a
hsa-mir-451
hsa-mir-451
hsa-mir-451
hsa-mir-451
hsa-mir-451
hsa-mir-451
hsa-mir-451
hsa-mir-452
hsa-mir-452
hsa-mir-4723-5p
hsa-mir-4782-3p
hsa-mir-483-3p
hsa-mir-483-5p
hsa-mir-483-5p
hsa-mir-483-5p
hsa-mir-485-3p
hsa-mir-486
hsa-mir-486-5p
hsa-mir-490-3p
hsa-mir-490-5p
hsa-mir-492
hsa-mir-493
hsa-mir-493
hsa-mir-494
hsa-mir-494
hsa-mir-494
hsa-mir-495
hsa-mir-495
hsa-mir-495
hsa-mir-497
hsa-mir-497
hsa-mir-497
hsa-mir-497
hsa-mir-497
hsa-mir-497
hsa-mir-497
hsa-mir-497
hsa-mir-498
hsa-mir-499-5p
hsa-mir-500
hsa-mir-501
hsa-mir-502
hsa-mir-503
hsa-mir-503
hsa-mir-503
hsa-mir-503
hsa-mir-503
hsa-mir-308-3p
hsa-mir-509-3p
hsa-mir-309-5p
hsa-mir-510
hsa-mir-511
hsa-mir-517a

hsa-mir-518b

hsa-mir-519d

cancer

hepatocellular carcinoma
lung adenocarcinoma
malignant melanoma
mesenchymal cancer
non-small cell lung cancer
ovarian cancer

ovarian cancer

gastric cancer

liver cancer

lung cancer

gastric cancer

gastric adenocarcinoma
gastric cancer

lung cancer

non-small cell lung cancer
prostate cancer

lung cancer
hepatocellular carcinoma
colorectal carcinoma
esophageal carcinoma
glioma

hepatocellular carcinoma
nasopharyngeal carcinoma
non-small cell lung cancer
osteosarcoma
hepatocellular carcinoma
glioma

prostate cancer

non-small cell lung cancer
adrenal cortical carcinoma
adrenal cortical carcinoma
glioblastoma

glioma

hepatocellular carcinoma
glioma

lung cancer
hepatocellular carcinoma
bladder cancer
hepatoblastoma

pituitary carcinoma
bladder cancer
hepatocellular carcinoma
ovarian cancer

glioma

breast cancer

glioma

hepatocellular carcinoma
adrenal cortical carcinoma
breast cancer

cervical cancer

colorectal cancer
colorectal cancer
hepatocellular carcinoma
non-small cell lung cancer
prostate cancer

ovarian cancer

colorectal cancer
hepatocellular carcinoma
hepatocellular carcinoma
colon cancer

colon cancer

glioblastoma
hepatocellular carcinoma
non-small cell lung cancer
ovarian cancer

kidney cancer

kidney cancer

renal cell carcinoma
dreast cancer

lung adenocarcinoma
dreast cancer

esophageal squamous cell carcinoma
hepatocellular carcinoma

profile

up
down

OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
P

OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1

o IR TR ol OO A TR I ol

-

o T o O o I ol VU 0 TR o U o TR o I ol R 4 TV ol OO A TR o S ol IO

down
down
down
up
up
down
down
up
up
down
up
down
up
up
down

down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA

hsa-mir-519d
hsa-mir-520c¢
hsa-mir-520¢-3p
hsa-mir-520¢-3p
hsa-mir-525-3p
hsa-mir-532-5p
hsa-mir-332-5p
hsa-mir-541
hsa-mir-544
hsa-mir-545
hsa-mir-564
hsa-mir-573
hsa-mir-374-3p
hsa-mir-574-3p
hsa-mir-575
hsa-mir-590-5p
hsa-mir-590-5p
hsa-mir-390-5p
hsa-mir-601
hsa-mir-612
hsa-mir-613
hsa-mir-616%*
hsa-mir-622
hsa-mir-625
hsa-mir-625
hsa-mir-625%
hsa-mir-627
hsa-mir-628-5p
hsa-mir-630
hsa-mir-637
hsa-mir-638%
hsa-mir-639
hsa-mir-642a-5p
hsa-mir-650
hsa-mir-650
hsa-mir-650
hsa-mir-655
hsa-mir-655
hsa-mir-656
hsa-mir-657
hsa-mir-663
hsa-mir-663
hsa-mir-663
hsa-mir-664
hsa-mir-675
hsa-mir-675
hsa-mir-7
hsa-mir-7
hsa-mir-7
hsa-mir-7
hsa-mir-7
hsa-mir-7
hsa-mir-7
hsa-mir-7
hsa-mir-7-5p
hsa-mir-720
hsa-mir-7515
hsa-mir-802
hsa-mir-874
hsa-mir-874
hsa-mir-885-5p
hsa-mir-8835-5p
hsa-mir-886-3p
hsa-mir-886-5p
hsa-mir-9
hsa-mir-9
hsa-mir-9
hsa-mir-9
hsa-mir-9
hsa-mir-9
hsa-mir-9

hsa-mir-9
hsa-mir-9

cancer

hepatocellular carcinoma
preast cancer
hepatocellular carcinoma
gastric cancer

liver cancer

ovarian carcinoma
malignant melanoma
pancreatic ductal adenocarcinoma
gastric cancer

lung cancer

chronic myelogenous leukemia
malignant melanoma
hepatocellular carcinoma
breast cancer

gastric cancer

cervical cancer
hepatocellular carcinoma
hepatocellular carcinoma
gastric cancer
hepatocellular carcinoma
papillary thyroid carcinoma
gastric cancer

gastric cancer

gastric cancer

colorectal cancer
non-small cell lung cancer
colonic adenocarcinoma
prostate cancer

pancreatic cancer
hepatocellular carcinoma
gastric cancer

bladder cancer

prostate cancer

gastric cancer

glioma

hepatocellular carcinoma
ovarian cancer

esophageal squamous cell carcinoma
glioma

hepatocellular carcinoma
gastric cancer

lung cancer
nasopharyngeal carcinoma
hepatocellular carcinoma
glioma

colon cancer

breast cancer

colorectal cancer

gastric cancer
glioblastoma

glioma

hepatocellular carcinoma
lung cancer

renal cell carcinoma
malignant melanoma
breast cancer

lung cancer

osteosarcoma

gastric cancer

head and neck squamous cell carcinoma
neuroblastoma
hepatocellular carcinoma
thyroid cancer

cervical carcinoma

gastric adenocarcinoma
gastric cancer

glioma

malignant melanoma
nasopharyngeal carcinoma
non-small cell lung cancer
oral squamous cell carcinoma

ovarian cancer
uveal melanoma

profile

up
up
down
up
up
down
up
up
up
down
down
down
up
down
up
up
up
down
up
down
down

OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1
OWI1

o TR o TR ol IR o TR o IO ol IO 4 I ol I

down
up
up
up
down
down
down
up
down
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TABLE 1-continued

miRNA biomarkers of human cancers

miRNA cancer profile
hsa-mir-92 gastric cancer up
hsa-mir-92 medulloblastoma up
hsa-mir-92 neuroblastoma up
hsa-mir-92 pancreatic cancer up
hsa-mir-92 colorectal cancer up
hsa-mir-92a acute promyelocytic leukemia up
hsa-mir-92a b-cell lymphoma up
hsa-mir-92a breast cancer down
hsa-mir-92a breast carcinoma up
hsa-mir-92a colorectal cancer up
hsa-mir-92a esophageal squamous cell carcinoma up
hsa-mir-92a hepatocellular carcinoma up
hsa-mir-92a lung cancer up
hsa-mir-92a malignant melanoma up
hsa-mir-92a mantle cell lymphoma up
hsa-mir-92b glioma up
hsa-mir-92b non-small cell lung cancer up
hsa-mir-92b glioblastoma up
hsa-mir-93 colon cancer down
hsa-mir-93 colorectal cancer up
hsa-mir-93 endometrial cancer up
hsa-mir-93 head and neck squamous cell carcinoma  up
hsa-mir-93 non-small cell lung cancer up
hsa-mir-95 colorectal carcinoma up
hsa-mir-95 colorectal cancer up
hsa-mir-96 bladder cancer up
hsa-mir-96 breast cancer up
hsa-mir-96 chronic myelogenous leukemia up
hsa-mir-96 colorectal cancer up
hsa-mir-96 glioma up
hsa-mir-96 hepatocellular carcinoma up
hsa-mir-96 ovarian cancer up
hsa-mir-96 pancreatic cancer down
hsa-mir-96 prostate cancer up
hsa-mir-98 bronchioloalveolar carcinoma down
hsa-mir-98 colon cancer down
hsa-mir-98 esophageal squamous cell carcinoma down
hsa-mir-98 gastric cancer up
hsa-mir-98 glioma down
hsa-mir-98 hepatocellular carcinoma down
hsa-mir-98 lung cancer down
hsa-mir-98 nasopharyngeal carcinoma down
hsa-mir-98 neuroblastoma down
hsa-mir-98 pancreatic ductal adenocarcinoma down
hsa-mir-99a cervical carcinoma down
hsa-mir-99a esophageal squamous cell carcinoma down
hsa-mir-99a gastric cancer up
hsa-mir-99a hepatocellular carcinoma down
hsa-mir-99a lung adenocarcinoma down
hsa-mir-99a mesenchymal cancer down
hsa-mir-99a pancreatic cancer up
hsa-mir-99b lung cancer down
hsa-mir-99b cervical carcinoma down
mmu-mir-290-3p breast cancer down
mmu-mir-290-3p breast cancer down

Samples

[0209] In some embodiments, nucleic acids (e.g., DNA or
RNA) are 1solated from a biological sample containing a
variety of other components, such as proteins, lipids, and
non-template nucleic acids. Nucleic acid template molecules
can be obtained from any material (e.g., cellular material
(live or dead), extracellular material, viral maternal, envi-
ronmental samples (e.g., metagenomic samples), synthetic
material (e.g., amplicons such as provided by PCR or other
amplification technologies)), obtained from an animal, plant,
bacterium, archaeon, fungus, or any other organism. Bio-
logical samples for use 1 the present technology include
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viral particles or preparations thereof. Nucleic acid mol-
ecules can be obtained directly from an organism or from a
biological sample obtained from an organism, e.g., from
blood, urine, cerebrospinal flmid, seminal fluid, saliva, spu-
tum, stool, hair, sweat, tears, skin, and tissue. Exemplary
samples include, but are not limited to, whole blood, lym-
phatic fluid, serum, plasma, buccal cells, sweat, tears, saliva,
sputum, hair, skin, biopsy, cerebrospinal tluid (CSF), amni-
otic fluud, seminal fluid, vaginal excretions, serous fluid,
synovial fluid, pericardial fluid, peritoneal tluid, pleural
fluid, transudates, exudates, cystic tluid, bile, urine, gastric
fluids, intestinal flmds, fecal samples, and swabs, aspirates
(c.g., bone marrow, fine needle, etc.), washes (e.g., oral,
nasopharyngeal, bronchial, bronchialalveolar, optic, rectal,
intestinal, vaginal, epidermal, etc.), and/or other specimens.
[0210] Any tissue or body fluid specimen may be used as
a source for nucleic acid for use 1n the technology, including
forensic specimens, archived specimens, preserved speci-
mens, and/or specimens stored for long periods of time, e.g.,
fresh-frozen, methanol/acetic acid fixed, or formalin-fixed
parailin embedded (FFPE) specimens and samples. Nucleic
acid template molecules can also be 1solated from cultured
cells, such as a primary cell culture or a cell line. The cells
or tissues from which template nucleic acids are obtained
can be mifected with a virus or other intracellular pathogen.
A sample can also be total RNA extracted from a biological
specimen, a cDNA library, viral, or genomic DNA. A sample
may also be i1solated DNA from a non-cellular onigin, e.g.
amplified/1solated DNA that has been stored 1n a freezer.
[0211] Nucleic acid molecules can be obtained, e.g., by
extraction from a biological sample, e.g., by a variety of
techniques such as those described by Maniatis, et al. (1982)
Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor, N.Y. (see, e.g., pp. 280-281).

[0212] In some embodiments, the technology provides for
the size selection of nucleic acids, e.g., to remove very short
fragments or very long fragments.

[0213] In some embodiments, the technology 1s used to
identify a nucleic acid in situ. In particular, embodiments of
the technology provide for the identification of a nucleic
acid directly 1n a tissue, cell, etc. (e.g., alfter permeabilizing
the tissue, cell, etc.) without extracting the nucleic acid from
the tissue, cell, etc. In some embodiments of the technology
related to 1n situ detection, the technology 1s applied 1n vivo,
ex vivo, and/or 1n vitro.

Kits

[0214] Some embodiments are related to kits for the
detection of a nucleic acid. For instance, in some embodi-
ments are provided a kit comprising a solid support (e.g., a
microscope slide, a bead, a coverslip, a biotin-conjugated
microscope slide or coverslip, a solid support comprising a
zero mode waveguide array, or the like), a capture probe, and
a query probe as described herein. Some embodiments
turther provide software on a computer-readable format or
downloadable from the internet for the collection and analy-
si1s of query probe binding events and dwell times as
described herein. In some embodiments, kits Tor multiplex
detection comprise two or more query probes each compris-
ing a sequence complementary to a target nucleic acid and
cach comprising a different fluorescent moiety. In some
embodiments, capture probes and query probes are comple-
mentary to capture regions and query regions of one or more
miRNAs. Some embodiments of kits comprise one or more
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positive controls and/or one or more negative controls.
Some embodiments comprise a series of controls having
known concentrations, e.g., to produce a standard curve of
concentrations.

Systems

[0215] Some embodiments of the technology provide sys-
tems for the detection and quantification of a target nucleic
acid (e.g., a DNA, an RNA (e.g., a miRNA, a mRNA, a
ncRNA)). Systems according to the technology comprise,
¢.g., a solid support (e.g., a microscope slide, a coverslip, a
biotin-conjugated microscope slide or coverslip, a solid
support comprising a zero mode waveguide array, or the
like), a capture probe, and a query probe as described herein.
Some embodiments further comprise a fluorescence micro-
scope comprising an illumination configuration to excite
bound query probes (e.g., a prism-type total internal reflec-
tion fluorescence (TIRF) microscope, an objective-type
TIRF microscope, a near-TIRF or HilLo microscope, a
confocal laser scanming microscope, a zero-mode wave-
guide, and/or an illumination configuration capable of par-
allel monitoring of a large area of the slide or coverslip
(>100 um?) while restricting illumination to a small region
ol space near the surface). Some embodiments comprise a
fluorescence detector, e.g., a detector comprising an inten-
sified charge coupled device (ICCD), an electron-multiply-
ing charge coupled device (EM-CCD), a complementary
metal-oxide-semiconductor (CMOS), a photomultiplier tube
(PMT), an avalanche photodiode (APD), and/or another
detector capable of detecting fluorescence emission from
single chromophores. Some embodiments comprise a com-
puter and soitware encoding 1nstructions for the computer to
perform.

[0216] For example, in some embodiments, computer-
based analysis software 1s used to translate the raw data
generated by the detection assay (e.g., the presence, absence,
or amount of one or more nucleic acids (e.g., one or more
biomarkers such as miRNA(s)) into data of predictive value
for a climician. The clinician can access the predictive data
using any suitable means.

[0217] For instance, some embodiments comprise a com-
puter system upon which embodiments of the present tech-
nology may be implemented. In various embodiments, a
computer system includes a bus or other communication
mechanism for communicating information and a processor
coupled with the bus for processing information. In various
embodiments, the computer system includes a memory,
which can be a random access memory (RAM) or other
dynamic storage device, coupled to the bus, and instructions
to be executed by the processor. Memory also can be used
for storing temporary variables or other intermediate infor-
mation during execution of instructions to be executed by
the processor. In various embodiments, the computer system
can further include a read only memory (ROM) or other
static storage device coupled to the bus for storing static
information and instructions for the processor. A storage
device, such as a magnetic disk or optical disk, can be
provided and coupled to the bus for storing information and
instructions.

[0218] In various embodiments, the computer system 1s
coupled via the bus to a display, such as a cathode ray tube
(CRT) or a lhiquid crystal display (LCD), for displaying
information to a computer user. An input device, including
alphanumeric and other keys, can be coupled to the bus for
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communicating imnformation and command selections to the
processor. Another type of user mput device i1s a cursor
control, such as a mouse, a trackball, or cursor direction keys
for communicating direction nformation and command
selections to the processor and for controlling cursor move-
ment on the display. This mput device typically has two
degrees of freedom 1n two axes, a first axis (e.g., X) and a
second axis (e.g., y), that allows the device to specily
positions 1n a plane.

[0219] A computer system can perform embodiments of
the present technology. Consistent with certain implemen-
tations of the present technology, results can be provided by
the computer system 1n response to the processor executing,
one or more sequences of one or more instructions contained
in the memory. Such instructions can be read into the
memory from another computer-readable medium, such as a
storage device. Execution of the sequences of instructions
contained 1n the memory can cause the processor to perform
the methods described herein. Alternatively, hard-wired cir-
cuitry can be used 1n place of or in combination with
soltware 1nstructions to implement the present teachings.
Thus, implementations of the present technology are not
limited to any specific combination of hardware circuitry
and software.

[0220] The term “computer-readable medium” as used
herein refers to any media that participates in providing
instructions to the processor for execution. Such a medium
can take many forms, including but not limited to, non-
volatile media, volatile media, and transmission media.
Examples of non-volatile media can include, but are not
limited to, optical or magnetic disks, such as a storage
device. Examples of volatile media can include, but are not
limited to, dynamic memory. Examples of transmission
media can include, but are not limited to, coaxial cables,
copper wire, and fiber optics, including the wires that
comprise the bus.

[0221] Common forms of computer-readable media
include, for example, a floppy disk, a flexible disk, hard disk,
magnetic tape, or any other magnetic medium, a CD-ROM,
any other optical medium, punch cards, paper tape, any other
physical medium with patterns of holes, a RAM, PROM,
and EPROM, a FLASH-EPROM, any other memory chip or
cartridge, or any other tangible medium from which a
computer can read.

[0222] Various forms of computer readable media can be
involved 1n carrying one or more sequences ol one or more
instructions to the processor for execution. For example, the
instructions can imtially be carried on the magnetic disk of
a remote computer. The remote computer can load the
instructions into i1ts dynamic memory and send the instruc-
tions over a network connection (e.g., a LAN, a WAN, the
internet, a telephone line). A local computer system can
receive the data and transmit 1t to the bus. The bus can carry
the data to the memory, from which the processor retrieves
and executes the instructions. The instructions recerved by
the memory may optionally be stored on a storage device
either before or after execution by the processor.

[0223] In accordance with various embodiments, 1nstruc-
tions configured to be executed by a processor to perform a
method are stored on a computer-readable medium. The
computer-readable medium can be a device that stores
digital 1nformation. For example, a computer-readable
medium includes a compact disc read-only memory (CD-
ROM) as 1s known in the art for storing software. The
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computer-readable medium 1s accessed by a processor suit-
able for executing instructions configured to be executed.

[0224] In accordance with such a computer system, some
embodiments of the technology provided herein further
comprise functionalities for collecting, storing, and/or ana-
lyzing data (e.g., presence, absence, concentration ol a
nucleic acid such as a wiRNA). For example, some embodi-
ments contemplate a system that comprises a processor, a
memory, and/or a database for, e.g., storing and executing
instructions, analyzing tluorescence, image data, performing
calculations using the data, transforming the data, and
storing the data. It some embodiments, an algorithm applies

a statistical model (e.g., a Poisson model or hidden Markov
model) to the data.

[0225] Many diagnostics involve determining the pres-
ence ol, or a nucleotide sequence of, one or more nucleic
acids (e.g., a nucleic acid biomarker such as a miRNA).
Thus, 1n some embodiments, an equation comprising vari-
ables representing the presence, absence, concentration,
amount, or sequence properties of multiple nucleic acids
produces a value that finds use 1n making a diagnosis or
assessing the presence or qualities of a nucleic acid. As such,
in some embodiments this value 1s presented by a device,
¢.g., by an indicator related to the result (e.g., an LED, an
icon on a display, a sound, or the like). In some embodi-

ments, a device stores the value, transmits the value, or uses
the value for additional calculations.

[0226] Thus, 1n some embodiments, the present technol-
ogy provides the further benefit that a clinician, who 1s not
likely to be trained in genetics or molecular biology, need
not understand the raw data. The data are presented directly
to the clinician 1n its most useful form. The clinician 1s then
able to utilize the mformation to optimize the care of a
subject. The present invention contemplates any method
capable of receiving, processing, and transmitting the infor-
mation to and from laboratories conducting the assays,
information providers, medical personal, and/or subjects.
For example, 1n some embodiments of the present technol-
ogy, a sample 1s obtained from a subject and submitted to a
profiling service (e.g., a clinical lab at a medical facility,
genomic profiling business, etc.), located 1n any part of the
world (e.g., 1n a country diflerent than the country where the
subject resides or where the information 1s ultimately used)
to generate raw data. Where the sample comprises a tissue
or other biological sample, the subject may visit a medical
center to have the sample obtained and sent to the profiling
center or subjects may collect the sample themselves and
directly send 1t to a profiling center. Where the sample
comprises previously determined biological information, the
information may be directly sent to the profiling service by
the subject (e.g., an mformation card containing the infor-
mation may be scanned by a computer and the data trans-
mitted to a computer of the profiling center using electronic
communication systems). Once received by the profiling
service, the sample 1s processed and a profile 1s produced
that 1s specific for the diagnostic or prognostic information
desired for the subject. The profile data are then prepared 1n
a format suitable for interpretation by a treating clinician.
For example, rather than providing raw expression data, the
prepared format may represent a diagnosis or risk assess-
ment for the subject, along with recommendations for par-
ticular treatment options. The data may be displayed to the
clinician by any suitable method. For example, 1n some
embodiments, the profiling service generates a report that
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can be printed for the clinician (e.g., at the point of care) or
displayed to the clinician on a computer monitor. In some
embodiments, the information is first analyzed at the point
of care or at a regional facility. The raw data are then sent
to a central processing facility for further analysis and/or to
convert the raw data to information useful for a clinician or
patient. The central processing facility provides the advan-
tage of privacy (all data are stored 1n a central facility with
uniform security protocols), speed, and uniformity of data
analysis. The central processing facility can then control the
fate of the data following treatment of the subject. For
example, using an electronic communication system, the
central facility can provide data to the clinician, the subject,
or researchers. In some embodiments, the subject 1s able to
access the data using the electronic communication system.
The subject may chose further intervention or counseling
based on the results. In some embodiments, the data are used
for research use. For example, the data may be used to
turther optimize the inclusion or elimination of markers as
usetul indicators of a particular condition associated with the
disease.

EXAMPLES

[0227] During the development of embodiments of the
technology described herein, experiments were conducted to
detect nucleic acids at single-molecule resolution. In par-
ticular, experiments tested embodiments of the technology
to detect miRNA molecules without nucleic acid amplifica-
tion and without labeling the target nucleic acids. The data
collected indicate that the technology provides advantages
over extant techniques for detecting nucleic acids based on
the formation of thermodynamically stable complexes.

[0228] Experiments were conducted to detect the transient
binding of a fluorescent nucleic acid probe (e.g., a fluores-
cent query probe) to nucleic acid targets that were 1mmo-
bilized on a solid surface (e.g., the surface of a microscope
slide) via hybridization to a nucleic acid capture probe (e.g.,
a locked nucleic acid (LNA) capture probe) (see, e.g., FIG.
1). The repetitive binding of fluorescent query probe mol-
ecules to the same target nucleic acid provides an increased
confidence of the measurement due to increased sampling of
the complementarity between target and query probe. The
binding events occur as a Poisson process. Accordingly, the
discrimination factor for detecting a target nucleic acid
relative to background noise or the spurious binding of
non-target nucleic acids increases exponentially with
increasing acquisition time. The technology thus discrimi-
nates target nucleic acids form multiple closely related
non-target nucleic acids in the same sample with substan-
tially or effectively zero background signal.

[0229] Experiments were conducted to quantify five miR-
NAs present at picomolar and sub-picomolar concentrations
in builer solutions and in complex biological matrices. The
data demonstrate that the technology 1s robust 1n detecting a
variety of miRNA sequences 1n a variety of sample types,
thus indicating the general application of the technology.

Materials and Methods

[0230] Experiments were performed using either a previ-
ously described prism-type total internal reflection tluores-
cence (TIRF) microscope (Michelott: et al (2010) “A Bird’s
Eve View: Tracking Slow Nanometer-Scale Movements of
Single Molecular Nano-Assemblies”™ Methods Enzymol.
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4'75: 121-148) or an Olympus 1X-81 objective-type TIRF
microscope equipped with Cell TIRF and focal drift control
modules. For prism-type TIRF experiments, fluidic sample
cells were constructed using two pieces of double-sided tape
sandwiched between a quartz slide and glass coverslip as
described (Michelotti, supra). For objective-type TIRF mea-
surements, sample cells were constructed by fixing a 1-cm
length of a pipet tip (Eppendort) to a coverslip using epoxy
adhesive (Double Bubble, Hardman Adhesives). For both
techniques, the 1maging surface (quartz slide or coverslip)
was coated with a 1:10 mixture of biotin-PEG-550 and
mPEG-550 (Laysan Bio, Inc.) immediately prior to con-
struction of the sample cell as described (see, e.g., Abelson
et al (2010) “Conformational dynamics of single pre-mRINA

molecules during 1n vitro splicing” Nat. Struct. Mol. Biol.
17: 504-512). Prepared slides were stored in the dark for up
to two weeks.

[0231] The synthetic miRNA targets were ordered from
IDT with HPLC purification, except for hsa-let-7a, which
was ordered from Dharmacon, and deprotected and HPLC
purified according to the manufacturer’s nstructions. Fluo-
rescent probes were ordered from IDT with HPLC purifi-
cation. Capture probes were ordered from Exiqon with
HPLC purnification. The positions of LNA nucleotides (1ndi-
cated by underlined letters in Table 2 and FIG. 1A) were
chosen using the vendor’s computational tools for LNA
self-structure and melting temperature prediction.

[0232] The sequences of RNA targets and probes are
provided 1n Table 2:

TABLE 2

Sequenceg of RNA targets and probes

SEQ
ID NO:
miRNA Sequences
hsa-let-"7a /5"'-P/UGAGGUAGUAGGUUGUAUAGUU 1
hsa-let-7c /5" -P/UGAGGUAGUAGGUUGUAUGGUU 2
hsa-miR-16 /5"'-P/UAGCAGCACGUAAAUAUUGGCG 3
hsa-miR-21 /5"'-P/UAGCUUAUCAGACUGAUGUUGA 4
cel-miR-39 /5'-P/UCACCGGGUGUAAAUCAGCUUG 5
Fluorescent Probe Sequences
FP;., -, /5Cy3/ACCATACAAC 6
FP, . .» 16 /5Cy3/GCCAATATT 7
FP,.» o1 /5Cy 5/TCAACATC 8
FP, . .» 19 /5Cy 5/AAGCTGATTT 5
Capture Probe Sequences

CP,., -, TACTACCTCA/3Bio/ 10
CP,.» 16 CGTGCTGCTA/3BioTEG/ 11
CP,,.»r o1 CTGATAAGCTA/3BioTEG/ 12
CP,..» 30 ACCCGGTGA/3BioTEG/ 13

In Table 2, “CY3” represents a cyanine dye C3 linked to the
oligonucleotide; “BIO” represents a biotin group linked to
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the oligonucleotide; “BIOTEG” represents a biotin group
linked to the oligonucleotide with a spacer (e.g., a triethyl-
ene glycol spacer, e.g., typically a 15-atom triethylene glycol
spacer); “5'-P” represents a 5-prime monophosphate group.

[0233] Quantification of synthetic miRNA targets was
performed as follows. The slide surface was briefly incu-
bated with T50 bufler (10 mM Trs-HCI (pH 8.0), 1 mM
EDTA) followed by incubation with 1 mg/mlL streptavidin.
After 10 minutes, excess streptavidin was flushed out by 3
volumes of T30 bufler. The surface was then incubated with
20 nM of the appropnate biotinylated LNA capture probe
(Ex1gon, Inc.) in 1xPBS butler for 10 minutes and the excess
flushed out by 3 volumes of 1xPBS. A 100-uL, portion of a
target RNA (let-7a, hsa-miR-16, hsa-miR-21, cel-miR-39, or
hsa-miR-141) was introduced into the sample chamber and
incubated for 10 minutes (prism-type TIRF) or 60 minutes
(objective-type TIRF). In some embodiments, a longer incu-
bation time was used for the objective-type TIRF measure-
ments to collect data from the tall (~1-cm) sample cell,
which slowed the rate of target immobilization on the
imaging surface. An imaging bufler containing 4xPBS, 2.5
mM 3.4-dihydroxybenzoate, 25 nM protocatechuate dioxy-
genase, 1 mM Trolox, and 25 nM of the appropnate tluo-
rescent query probe was added to the sample chamber. The
transient binding of probes to the captured target nucleic
acids was monitored for 10 to 40 minutes under 1llumination

by 332 nm and/or 640 nm laser light. Imaging data were
collected at a rate of 2 Hz using an 1CCD or EMCCD.

[0234] Statistical and mathematical analysis (e.g., using
custom MATLAB code) was used to identify sites of fluo-
rescent probe binding and calculate intensity-versus-time
trajectories from CCD movies. Intensity trajectories were

subjected to hidden Markov modeling (HMM) using
vbFRET135 or QuB16 to identify both the number of binding,
events and the dwell times 1n the bound state and unbound
state for each candidate molecule. Based on control mea-
surements acquired in the absence of target, a threshold of 10
binding+dissociation events was used to discriminate
between target molecules and background binding. Addi-
tional filtering criteria were used to reject spurious transi-
tions detected by the HMM software. In particular, to be
counted as a target molecule, a candidate must: (1) have an
intensity signal at least 2 standard deviations above the
background intensity; and (2) exhibit a relatively constant
probability of binding and dissociation events throughout
the observation time, as determined by the correlation coet-

ficient between event number and time, which must exceed
0.95.

Example 1—Detection of 20 pM let-7a by
Prism-Type TIRF Microscopy

[0235] Experiments conducted during the development of
the technology provided herein demonstrated the detection
of 20 pM let-7a by prism-type TIRF microscopy. A 20 pM
solution of let-7a 1n 1xPBS was added to a microscope slide
coated with an excess of the capture probe CP,_. - . After a
10-minute incubation at room temperature, the sample
chamber of the slide was flushed with 1maging bufler
(4xPBS, 2.5 mM 3.4-dihydroxybenzoate, 25 nM protocat-
echuate dioxygenase, 1 mM Trolox) containing 25 nM
FP, - . The transient binding of FP, - to the let-7a
miRNA target was observed by prism-type TIRF micros-
copy for 10 min and analyzed by hidden Markov modeling
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(HMM) to count the number of intensity transitions in each
single-molecule trajectory as described in the Materials and
Methods.

[0236] A histogram of intensity transitions (e.g., probe
association+dissociation events) per candidate molecule
during a 10-minute observation window showed significant
reproducibility between three different fields of view (FIG.
2A, three overlapped histograms noted “20 pM let-7a”).
Further, the histogram showed significant separation of the
let-7a binding events from the background noise (FIG. 2A,
curves noted “(—) let-7a”).

[0237] Analysis of the mean number of intensity transi-
tions per candidate molecule for the target-positive assay (20
pM let-7a) and negative control as a function of acquisition
time indicated that the mean number of transitions increased
linearly with respect to time 1n both cases (FIG. 2B). Further,
the signal-to-background ratio increased approximately
exponentially as the mean number of intensity transitions
per candidate increased (FIG. 2C). The signal-to-back-
ground ratio was calculated using a threshold defined as one
standard deviation below the mean number of transitions 1n
the positive assay.

[0238] In addition, samples having known concentrations
of let-7a miRNA (e.g., O to 20 pM; see FIG. 2D) were
examined to assess the relationship of concentration with
number of molecules detected by the method. The number of
immobilized molecules observed to undergo at least 10
transitions and that were confirmed by the filtering criternia
described herein to be target nucleic acid (let-7a) were
plotted against the previously measured concentration of
let-7a 1 the sample (FIG. 2D). The number of let-7a
molecules enumerated by the technology was linearly
related (e.g., with a correlation coefficient R* of 0.998) to the
known concentrations of let-7a assayed. Accordingly, these
data indicate that standard solutions and standard curves find
use with the technology, e.g., to determine the concentration
of a sample having an unknown concentration of a target
nucleic acid (e.g., a miRNA).

Example 2—Single-Nucleotide Mismatch
Discrimination

[0239] During the development of embodiments of the
technology provided herein, experiments were conducted to
detect a target nucleic acid (e.g., a miRNA) comprising a
single nucleotide difference relative to a non-target nucleic
acid. In particular, the technology was used to discriminate
between two members of the let-7 family of microRNAs,
let-7a and let-7c, which differ from each other at one
nucleotide position. The sequences of the let-7a and let-7c
miRNAs are provided in Table 2. The miRNAs were syn-
thesized with a 5' phosphate as 1indicated 1n the Table 2 by
“/5'-P/”.

[0240] A 10 pM solution of let-7a or let-7¢ in 1xPBS was
added to a microscope slide coated with an excess of the
capture probe CP,_, - . After a 10-minute incubation at room
temperature, the sample chamber of the slide was flushed out
with 1imaging bufler (4xPBS, 2.5 mM 3,4-dihydroxybenzo-
ate, 25 nM protocatechuate dioxygenase, 1 mM Trolox)
containing 25 nM FP, . - . After binding let-7a or let-7¢
miRNA to the surface-immobilized capture probe to form a
thermodynamically stable complex, the immobilized let-7a
or let-7¢ miRNA was queried with a 10-nt fluorescent query
probe labeled at the 3' end with a fluorescent moiety (e.g.,
Cy 5). The probe 1s completely complementary to nucleo-
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tides 12-21 of the let-7a sequence and comprises a single
mismatch to nucleotides 12-21 of the let-7¢ sequence (see
Table 2).

[0241] The transient binding of FP, . to the let-7a and
let-7¢ miRNA targets was observed by prism-type TIRF
microscopy for 10 minutes and analyzed by hidden Markov
modeling as described in the Materials and Methods. Rep-
resentative single-molecule intensity-versus-time traces col-
lected 1n the presence of let-7a and let-7¢ are shown i FIG.
3A and FIG. 3B, respectively.

[0242] Data collected during the experiments indicated
that the 10-nt query probe bound for longer times (e.g.,
approximately 15 seconds) to the let-7a nucleic acid relative
to the let-7c nucleic acid (FIG. 3A and FIG. 3B). The single
base difference of the let-7¢ nucleic acid causes the query
probe to dissociate approximately 4 times more rapidly from
the let-7¢ nucleic acid than the query probe dissociates from
the let-7a nucleic acid (FIG. 3aq and FIG. 3B).

[0243] The average dwell times in the bound and unbound
states (t,,, and T, respectively) was calculated for each
molecule (FIG. 3C). Based on the distribution of dwell times
for let-7a and let-7c, a box was drawn to include the majority
of let-7a dwell times while excluding most of those for let-7¢
(dotted line 1 FI1G. 3C); this box contains approximately 70
times more dwell times from the let-7a than from the let-7c¢
experiment, vyielding an estimate of the capacity of the
technology for single-nucleotide discrimination.

Example 3—Detection of let-7a in Human Cell
Extracts

[0244] During the development of embodiments of the
technology described herein, experiments were conducted to
detect let-7a 1n extracts prepared from human cells. A small
aliquot of HelLa whole cell extract (from Thermo Scientific
In-Vitro Protein Expression Kit, #88881) was incubated for
5> minutes at room temperature in the presence of 0 or 1.7%
sodium dodecyl sulfate (SDS) and O or 140 nM miRCURY
let-7a inhibitor (Jx1q011) The lysate was vortexed, diluted
100-fold 1n 1maging bufler contaimng 25 nM of the fluo-
rescent probe FP, - ., and added to a microscope slide
coated with an excess of the capture probe CP,_, . . After a
10-minute mcubation, the transient binding of FP, . - to the
let-7a miRNA target was observed by prism-type TIRF
microscopy for 10 minutes and analyzed by hidden Markov
modeling as described in the Materials and Methods. A
threshold of 10 intensity transitions (binding+dissociation or
photobleaching events) per candidate molecule was used to
distinguish between target molecules (let-7a) and nonspe-
cific background association of the probe to the imaging
surface. The number of molecules found 1n each experiment
was normalized to the experiment 1n the presence of SDS
treatment but 1n the absence of the anti-let-7 LNA (FI1G. 4A).
In the experiments, the data show that more let-7a was
detected 1n samples treated with SDS than samples that were
not treated with SDS (FIG. 4A); further, the data show that
addition of the anti-let-7 locked nucleic acid oligonucleotide

decreased the amount of let-7a that was detected in the
samples (FIG. 4A).

[0245] In additional experiments, cultured U20S cells
were transfected with duplex hsa-let-7-al miRNA using
Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s protocol. The cytoplasmic fraction of U20S
cells was 1solated as follows: cells were scraped into 1ce-
cold phosphate-bullered saline (PBS) and centrifuging at
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100xg for 10 minutes at 4° C. The supernatant was discarded
and the cell pellet was resuspended by gentle pipetting 1n
200 uL 1ce-cold lysis bufler (10 mM Trnis pH 8.0, 140 mM
NaCl, 1.5 mM MgCl,, 1% Nonidet P-40). After incubating
on 1ce for 5 muinutes, the suspension was centrifuged at
1,000xg for 3 minutes at 4° C. The supernatant containing
the cytoplasmic fraction was recovered and total RNA was
extracted using TRIzol reagent (Life Technologies) accord-
ing to the manufacturer’s directions. Non-transiected U208
cells were also fractionated and TRIzol-extracted to recover
cytoplasmic RNA. TRIzol-extracted RNA fractions were
resuspended to a concentration of 1 mg/mL RNA (estimated
by UV absorbance at 260 nm) in 10 mM Tns, pH 8.0 and
stored at —20° C. until use.

[0246] For analysis of the samples according to the tech-
nology, the U20S cytoplasmic RNA extract was diluted
either 10-fold (for non-transfected cell extract) or 100-fold
(for transfected cell extract) 1n imaging bufler containing 235
nM FP, - and added to a microscope slide coated with an
excess of the capture probe CP, , - . After a 10-minute
incubation, the transient binding of FP, . - to let-7a was
observed by prism-type TIRF microscopy for 10 minutes
and analyzed by hidden Markov modeling as described 1n
the Materials and Methods. A threshold of 10 intensity
transitions (binding+dissociation or photobleaching events)
per candidate molecule was used to distinguish between
target molecules (let-7a) and background binding to the
imaging surface. After correcting for dilution, the number of
molecules found 1n each experiment was normalized to the
number of let-7a molecules detected 1n the extract from
transiected U20S cells (FIG. 4B). After imaging and quan-
tification, the data indicated that let-7a was detected 1n the
preparations from transiected cells but was not detected in

the preparations from cells that were not transfected (FIG.
4B).

Example 4—General Applicability of the
Technology

[0247] During the development of embodiments of the
technology provided herein, experiments were conducted
applying the technology to detect a wide variety of miRNA
species. Data were collected from experiments using three
different miRNA targets from . sapiens: hsa-let-7a (FIG.
5A), hsa-miR-16 (FIG. 5B), and hsa-miR-21 (FIG. 5C); and
one miRNA target from C. elegans: cel-miR-39 (FIG. 5D).
The data indicated repeated probe binding and intensity
transition histograms were compiled for the detection of the
four different targets.

[0248] In each of FIG. SA to FIG. 3D, the top sequences
represent the miRINA targets, the sequences beneath the
miRNA targets and complementary to the left portion of the
miRNA targets represent the locked nucleic acid capture
probes, and the sequences beneath the miRNA targets and
complementary to the right portion of the miRNA targets
represent the transiently binding fluorescent DNA probes
(e.g., labeled with Cy 5). The underlined letters in the
capture probe sequences signity LNA rather than DNA
nucleotides. In the intensity transition histograms (right
column of plots), the leftmost curve (starting at a high value
then decreasing from left to right) represents the number of
locations 1n the field of view (e.g., candidate molecules) with
a given number of 1intensity transitions in the absence of the
miRNA target (e.g., background binding to the surface
and/or capture probe), while the rightmost distribution (“bell
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shaped”) curve represents the number of candidate mol-
ecules with a given number of intensity transitions in the
presence of 1 pM miRNA target. While different target/
probe combinations yield different binding and dissociation
kinetics, as well as different positions for the positive signal
peak 1n the transition histograms, the positive peak in the
histogram 1s well separated from the background signal in
all cases. Data were collected and analyzed as reported 1n the
Matenials and Methods, with an acquisition time of 10
minutes.

Example 5—Detection of miR-141 i Crude Serum

[0249] During the development of embodiments of the
technology provided herein, experiments were conducted to
investigate use of the technology for detecting miRNAs of
climical interest in minimally treated (e.g., “crude™) bioflu-
ids. In particular, the technology was used to detect the
prostate cancer biomarker hsa-miR-141 in a serum sample
from a healthy individual after spiking in varying concen-
trations of synthetic hsa-miR-141.

[0250] In these experiments, 50 ul of freshly thawed
human serum (Bioreclamationl VT, #BRH844152) was com-
bined with SDS (final 2% w/v), proteinase K (New England
BioLabs, Inc., P8107S; final concentration 0.16 units/ul),
and synthetic hsa-miR-141, and the mixture was incubated
for 15 minutes at room temperature. Next, EDTA was added
to a final concentration of 20 mM and the sample was heated
to 90° C. for 2 minutes. After cooling to ambient (e.g., room)
temperature for 5 minutes, each sample was allowed to bind
to a microscope coverslip surface for 1 hour. Residual serum
was removed, the surface washed with 1xPBS, and imaging,

carried out by objective-type TIRF microscopy as described
herein.

[0251] To evaluate the accuracy of the assay, the nominal
spiked-in concentration was compared to the concentration
calculated using a standard curve collected 1n bufler, result-
ing 1n a strong correlation (R>0.999) and a high recovery
tactor (slope=1.07 from a linear regression). While miR-141
1s elevated 1n the serum of patients with metastatic prostate
cancer, 1t 1s expected to be present at low levels (e.g., 0.1-5
tM) 1n healthy 1individuals. Consistent with this expectation,
the measured concentration of hsa-miR-141 was 0.4+0.5 1M
(s.e.m., n=3) 1n serum specimens 1n the absence of spiked-in
synthetic miR-141.

Example 6—Measuring Nucleic Acid Conformation

[0252] During the development of embodiments of the
technology provided herein, experiments were conducted to
observe changes in the conformation of a nucleic acid as a
function of the concentration of a ligand that binds to the
nucleic acid. In particular, experiments were conducted to
test the accessibility of a Shine-Dalgarno (SD) sequence of
a messenger RNA comprising a non-coding functional ele-
ment (e.g., a “rboswitch™) that binds a ligand (e.g., the
modified nucleotide’7-aminomethyl-7-deazaguanine,
“preQ,”). In these experiments, the target nucleic acid
comprises a Shine-Dalgarno sequence and a preQ, ribo-
switch. The target nucleic acid 1s immobilized to a surface
(e.g., using a capture probe). A query probe (e.g., a short,
fluorescently labeled RINA probe) 1s used that 1s comple-
mentary to the Shine-Dalgarno sequence. Then, using total
internal retlection tluorescence microscopy-based observa-
tion of transient query probe binding events as a function of
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ligand concentration, data were collected that indicated that
apparent decreases in both the probe binding and dissocia-
tion rate constants are due to complex changes 1mn Shine-
Dalgarno sequence accessibility in single mRNA molecules.
Data collected showing the association of nucleic acid
conformational state with the concentration of ligand pro-
vide for the quantification of the bound ligand and unbound
ligand 1n the experiments.

[0253] For these experiments, genomic sequences were
downloaded from the National Center for Biotechnology
Information (www.ncbi.nlm.nih.gov). The complete mRINA,
including the TTE1564 and TTE1563 ORFs, and the 3' UTR
as predicted from the FindTerm algorithm (SoftBerry), was
amplified from  Thermoanaerobacter  tengcongensis
genomic DNA, which was purchased from the NITE Bio-
logical Resource Center. The mRNA was cloned into pUCI19
with an engineered T7 promoter at the 5' end between the
BamHI and HindlIII sites of pUC19. mRNA was produced
by 1 vitro transcription. The Tte pUCI19 plasmid was
linearized with HindIII (AIIII or Xbal for in vitro translation
assays) (New England Biolabs) for run-ofl transcription.
Similarly, the pAMB CAT plasmid was linearized with Fspl
(New England Biolabs). Transcription reactions were per-
formed 1n the presence of 120 mM HEPES-KOH, pH 7.5, 25
mM MgCl,, 2 mM spermidine, 40 mM DTT, 30 mM NTPs,
0.01% Trnton X-100, 200 nM linearized plasmid, 0.01 U/ul
pyrophosphatase and 0.07 mg/mL T7 RNA polymerase in a
total volume of 1 mL. mRNAs for in vitro translation assays
were also prepared using the MEGAscript T7 transcription
kit (Life Technologies). Transcription reactions were 1ncu-
bated at 37° C. for 4 hours. Enzyme was removed by
phenol/chloroform extraction and the resulting solution was
spun 1in an Amicon 100 MWCO spin column to reduce the
volume to ~100 ul. mRNA was purified by denaturing PAGE
purification, detected using 254 nm UV radiation and gel
cluted overnmight. mRINAs were ethanol precipitated and
resuspended in TE bufler at pH 7.0.

[0254] 4 nM Tte mRNA, TYES563-LNA, and biotin cap-
ture strand were heat annealed at 70° C. for 2 minutes 1n the
presence of 50 mM Tris-HCI, pH 7.5, 0.6 M NaCl and 20
mM Mg(Cl,, and allowed to slow cool to room temperature
for 20 minutes 1n the presence or absence of preQ),. Fol-
lowing slow cooling, the RNA mix was diluted to 40 pM 1n
the same builer 1n the presence or absence of preQ,, with a
10x excess of TYES63-LNA and biotin capture strand to
stabilize the complex during dilution. The diluted complex
was chilled on 1ce. The chilled solution was flowed over an
assembled microtluidic channel on a quartz slide coated with
biotinylated-BSA and streptavidin. 100 ul of the chilled, 40
pM RNA complex was tlowed over the slide and allowed to
equilibrate for 5 minutes. Excess RNA was washed off the
slide with bufler in the presence and absence of pre(),. An
oxygen scavenging system consisting of 5 mM protocat-
echuic acid and 50 nM protocatechuate-3,4-dioxygenase 1n
the presence and absence of preQ, (to slow photobleaching),
2 mM Trolox (to reduce photoblinking), and 50 nM Cy5-
probe was flowed over the slide and allowed to equilibrate
for 5 minutes.

[0255] Both Cy5 and TYES63 dyes were directly excited
simultaneously using a 638-nm red diode laser and 523-nm
green laser, respectively. Emission from both fluorophores
was simultaneously recorded using an intensified CCD
camera (I-Pentamax, Princeton Instruments) at 100 ms time
resolution using Micro-Manager software. Fluorescence
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traces were extracted from the raw movie files using IDL
(Research Systems) and analyzed using Matlab (The Math
Works) scripts. Genuine traces exhibiting binding were
manually selected using the following criteria: a single
photobleaching step of the TYES63 signal, TYES563 fluo-
rescence intensity of >200 intensity units, and at least two
binding events per trajectory with a signal to noise ratio of
at least 3:1. Suitable traces were compiled. Hidden Markov
Modeling analysis was performed on the donor intensity
using the segmental k-means algorithm 1n the QuB software
suite. A two-state model was used with an unbound and
bound state to 1dealize the data. Transition density plots were
constructed to extract the dwell times in the bound and
unbound states. Bound dwell times were fit to a double
exponential and unbound dwell times were {it to a single
exponential in OriginlLab 8.1 from which on and off rates
were calculated.

[0256] The SD sequence 1s a short (3 to 8 nt), purine-rich
sequence located approximately 5 to 8 nt upstream of the
start codon of bacterial mRNAs. It interacts with a comple-
mentary sequence at the 3' end of 16S ribosomal RNA
(rRNA) during translation. The SD sequence of the Ther-
moanaerobacter tengcongensis (“Ite”) gene TTE1564 1is
located within a preQ), riboswitch structure in the TTE1564
messenger RNA. Gene prediction tools find that the open
reading frame (ORF) of TTE1564 overlaps with down-
stream gene TTE1563 (7-cyano-7-deazaguanine reductase,
quelF), where the SD sequence of the downstream gene
TTE1563 1s located at the 3' end of the TTE1564 ORF. In
vitro translation assays show that both protein products are
translated.

[0257] To observe changes 1n SD sequence accessibility as
a Tunction of ligand concentration, data were collected using
the technology described herein. In the exemplary embodi-
ment of the technology used 1n the experiments, the tech-
nology comprised use of a short, fluorescently (Cy3) labeled
ant1-SD RNA query probe comprising a sequence that was
the same as the 12 nt at the 3' end of Tte 16S rRNA. Single
target mRNA molecules were hybridized to a high-melting
temperature TYES63-labeled locked nucleic acid (LNA) for
visualization and immobilized on a quartz slide at low
density via a biotinylated capture probe. Experiments were
imaged by total internal reflection fluorescence microscopy.
The TYES63-labeled LNA covers and sequesters the SD
sequence and start codon of the downstream TTE1563 ORF.
For visualization, TYES63 fluorescence 1s only observed

once all three components (1immobilized biotinylated cap-
ture probe, mRNA, and TYES563-LNA) are annealed.

[0258] The hybrnidization between the Tte mRINA and the
ant1-SD query probe comprises five complementary Watson-
Crick base pairs; thus, binding of the query probe to a single
mRNA SD sequence 1s reversible and transient. Addition-
ally, the use of TIRFM provides signal detection wherein
query probe molecules that are transiently immobilized by
binding to the mRNA target are observed within the eva-
nescent field and query probes diflusing freely in solution
provide only a distinguishable, modest background fluores-
cence signal. Repeated and transient diffraction-limited
colocalization of the Cy5 and TYES563 fluorescence unam-
biguously characterizes binding of the query probe to the
target mRNA molecule. Further, the characteristic repeated
signals report on the accessibility of the SD sequence of
individual mRINA molecules to the complementary (e.g.,
ant1-SD) sequence of 16S rRNA 1n a quantitative fashion
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since changes in the probe binding and dissociation time
constants can be sensitively monitored over an arbitrarily
long time window.

Example 7—Measuring Ligand Binding to Nucleic
Acid

[0259] The Tte preQl niboswitch structure 1s partially
open 1n the absence of preQ),, leaving the SD sequence more
exposed than in the presence of ligand. Accordingly, during
the development of embodiments of the technology pro-
vided herein, experiments were conducted to measure the
accessibility of the SD sequence 1n the absence and presence
of preQ,. In particular, Cy3-labeled anti-SD RNA query
probe was flowed onto a slide with capture-probe 1mmobi-
lized target nucleic acid (e.g., target mRNA) in the absence
of ligand. During visualization and data collection, thou-
sands of transient binding events were observed 1n over 100
mRINA molecules per experiment, thus demonstrating the
highly parallel nature of embodiments of the technology.

[0260] The Cy5 emission trajectory was fit using a two-
state Hidden Markov Model to extract dwell times of the
probe in the bound and unbound states, T, and T, respec-
tively. Finally, the dwell times were {it to a single exponen-
tial to calculate the Icon and a double exponential function
was used to extract a k- comprising two components, €.g.,
a “fast” Kk rand a “slow” k 5 consistent with the results from
analysis of the residuals. In the absence of ligand, the
ant1-SD query probe binds with a rate constant, k_, of
2.4+03 uM™! s7' (FIG. 6A). The probe exhibits biphasic
dissociation kinetics, with a fast rate constant of 4.6+0.3 s™*

and a slow rate constant of 1.0+0.2 s~" (FIG. 6B).

[0261] During the development of embodiments of the
technology provided herein, experiments were conducted to
measure the conformational change of the Tte RNA and
occlusion of the SD sequence upon adding preQ),. In par-
ticular, RNA molecules were folded in the presence of
varying concentrations of pre(Q, and assessed according to
the technology described herein. The data collected indi-
cated that the value of Icon of the anti-SD query probe
decreased as the concentration of preQQ, was increased with
a half-saturation point of 0.37 uM preQ, (FIG. 6A). Since
query probe binds when the SD sequence 1s exposed, a
decrease in the rate of binding indicates an occlusion of this
target sequence when preQ), i1s present. Further (and unex-
pectedly), an increase 1n preQQ, concentration produced a
slight decrease (e.g., less than 2-fold at a saturating pre(,
concentration) in both the fast and slow k. rate constants
(FIG. 6B), indicating that preQ)1 stabilizes the interaction of
the SD sequence with the anti-SD query probe sequence.
Further, the kinetic data indicating a change in the confor-
mational state of the nucleic acid also provide for the
quantification of the ligand 1n the bound and unbound states.

[0262] In additional experiments conducted during the
development of embodiments of the technology, data were
collected that confirmed that the kinetic change was due to
conformational rearrangements localized to the SD
sequence of the nnboswitch. In particular, experiments were
performed using a negative control query probe that was
complementary to a sequence within the mRNA ORF, which
the experiments indicated was unaflected by preQQ, concen-
tration. In particular, the kinetics of the negative control
query probe binding showed little dependence on pre(,,
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indicating that the conformational changes observed due to
ligand binding were localized to the TTE1564 SD sequence
overlapping the riboswitch.

[0263] Further inspection of individual query probe bind-
ing trajectories revealed that single molecules seemed to
interconvert between periods of frequent query probe bind-
ing and periods ol more sporadic query probe binding,
which can be interpreted as periods of high and low SD
accessibility, respectively. Traditional methods of analysis
falled to detect these changes in intramolecular behavior.
For instance, a plot of the mean query probe bound and
unbound times of all molecules 1n the absence of preQ,
ligand and at saturating preQ, ligand revealed a slight shitt
in the 16 uM preQ,; ligand population towards longer
unbound times; however, all molecules generally fit within
a single population. While these traditional approaches have
proven suflicient for revealing heterogeneity within a single
population of molecules, they fail to uncover heterogeneous
behavior within a single molecule.

[0264] The probe binding events detected via the technol-
ogy described heremn strongly resembled neuronal spike
trains, where neuronal firing 1s monitored and detected as
sharp 1ncreases (or “‘spikes”) 1n electrical activity 1n
response to external stimuli. A common feature of these
spike trains 1s short intervals of high finng activity (or
“bursts™) separated by periods of mactivity. Accordingly, 1n
some embodiments the data were treated by a spike train
analysis to detect and separate the periods of high and low
SD accessibility within single molecules. In some embodi-
ments, a Rank Surprise (RS) method of burst detection was
applied to the data, e.g., due to 1ts nonparametric approach.
Indeed, when automatic burst detection was performed on
single molecule trajectories in the absence of ligand, 1ndi-
vidual molecules displayed detectable bursts of anti-SD
query probe binding behavior separated by non-bursting
periods characterized by areas of average lower binding
activity (FIG. 7A). When the duration of the interspike
intervals (ISIs) in the bursting and non-bursting periods
were plotted, two distinct intramolecular behaviors were
evident (FIG. 3B), which were not detected using traditional
kinetic analyses, indicating that these behaviors are distin-
guished by the duration of their ISIs. Single molecules tend
to interconvert between periods of bursting and non-bursting
behavior, rather than separate subpopulations of highly- and
poorly-accessible molecules, respectively. This suggests that
the SD sequence of the Tte riboswitch undergoes binary
switching between two different conformational states: a
“bursting” state with overall high SD accessibility and
marked by frequent binding of the ant1-SD query probe and
short ISIs, and a “non-bursting” state characterized by low
SD accessibility where the SD sequence 1s sequestered from
query probe binding even 1n the absence of ligand. During
this non-bursting state, ant1-SD query probe still binds to the
SD sequence, although less frequently than during the
bursting state, resulting in longer ISI times (FIG. 7B).

Example 8—Eflect of Ligand on Nucleic Acid
Dynamics

[0265] Spike train analysis has shown that the Tte preQ),
riboswitch displays periods of non-bursting behavior and
low SD accessibility, even 1n the absence of ligand. Accord-
ingly, experiments were conducted during the development
of embodiments of the technology to ivestigate whether
conformational bursting occurs 1n the presence of the preQ),
ligand. In particular, experiments were performed using
spike train analysis on the trajectory data collected in the
presence of ligand. This analysis identified bursts of SD
sequence accessibility even at saturating ligand concentra-
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tions (FIG. 8A). Upon visual inspection of the trajectories at
high ligand concentration, the data indicated the presence of
a lower frequency of anti-SD binding events within each
burst, along with longer non-bursting periods compared to
low ligand concentration (FIG. 8A). As ligand concentration
1s increased, both the ISIs in the bursting and non-bursting
populations increased (FIG. 8B). In other words, the con-
formation in which the SD sequence i1s occluded from
ant1-SD query probe binding in the bursting and non-
bursting populations 1s longer lived when preQ), 1s present.
As a direct result of this, the average lifetime of each
bursting population increased as pre(Q, was added (FIG. 8C).
This change, however, 1s not due to an increase i1n the
individual anti-SD query probe binding event spikes per
burst, as this metric did not change with preQ), concentra-

tion. Taken together, these results indicate that the Tte preQ,
riboswitch transitions between two different conformational
states, one 1 which the SD sequence 1s exposed and
available for frequent binding to the anti-SD sequence and
one 1n which the SD sequence i1s occluded from anti-SD
binding. Both these states exist in the presence and absence
of ligand and appear in bursts. As preQ, 1s added, the
transitions between these states occur more slowly, provid-

ing for a shallow regulatory response, rather than an abrupt
ON/OFF response.

[0266] Further, data collected indicated that the Tte preQ),
riboswitch accesses two conformational states, where the
SD sequence 1s accessible 1n periods of bursts separated by
periods of, on average, less accessibility. Accordingly,
experiments were conducted during the development of
embodiments of the technology to mvestigate the bursting
behavior of a single molecule 1n response to ligand concen-
tration. Experiments were performed 1in which the anti-SD
query probe binding behavior was observed for single
riboswitch-containing mRNA molecules 1n the absence of
ligand. Without adjusting the field of view, 16 uM preQ, was
flowed over the slide. Following suflicient observation, the
pre(Q, was washed out of the channel, followed by obser-
vation once again. This procedure allowed observation and
data collection relating to the structural changes of single
molecules 1n response to different pre(Q, concentrations.
Burst analysis was performed on 97 mRNA molecules and
compiled in a chimograph. The molecules were clustered
based on the fraction in the bursting state and ordered
accordingly 1n the chimograph. The results indicate that a
small fraction of molecules (11 out of 97) transition from a
mostly bursting state to a non-bursting state and finally back
to a bursting state. The majority of molecules (47 out of 97)
begin 1 a predominantly non-bursting state without transi-
tioning to the bursting state. These results further highlight
the stochastic regulatory response of the preQ, ligand and
suggest that the process of riboswitching may contribute to
the probabilistic nature of bacterial gene regulation.

[0267] All publications and patents mentioned 1n the
above specification are herein incorporated by reference 1n
their entirety for all purposes. Various modifications and
variations of the described compositions, methods, and uses
ol the technology will be apparent to those skilled 1n the art
without departing from the scope and spirit of the technol-
ogy as described. Although the technology has been
described 1n connection with specific exemplary embodi-
ments, 1t should be understood that the invention as claimed
should not be unduly limited to such specific embodiments.
Indeed, various modifications of the described modes for
carrying out the invention that are obvious to those skilled

in the art are intended to be within the scope of the following
claims.
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SEQUENCE LISTING

Sequence total quantity: 13

SEQ ID NO: 1
FEATURE

SOuUrce

SEQUENCE: 1

moltype = RNA length = 22
Location/Qualifiers

1..22
mol type = unassigned RNA
organism = Homo sapilens

tgaggtagta ggttgtatag tt

SEQ ID NO: 2
FEATURE
source

SEQUENCE: 2

moltype = RNA length = 22
Location/Qualifiers

1. .22

mol type = unassigned RNA
organism Homo sapiens

tgaggtagta ggttgtatgg tt

SEQ ID NO: 3
FEATURE
source

SEQUENCE: 3

moltype = RNA length = 22
Location/Qualifiers

1..22
mol type = unassigned RNA
organism = Homo sgapiens

tagcagcacg taaatattgg cg

SskEQ ID NO: 4
FEATURE
source

SEQUENCE: 4

moltype = RNA length = 22
Location/Qualifiers

1..22
mol type = unassigned RNA
organism = Homo sapilens

tagcttatca gactgatgtt ga

SEQ ID NO: 5
FEATURE
source

SEQUENCE: b5

moltype = RNA length = 22
Location/Qualifiers

1..22
mol type = unassigned RNA
organism = Caenorhabditis elegans

tcaccgggtyg taaatcagct tg

SEQ ID NO: 6
FEATURE
source

SEQUENCE: 6
actatacaac

SEQ ID NO: 7
SEQUENCE : 7
000

SEQ ID NO: 8
SEQUENCE: 8
000

SEQ ID NO: 9
FEATURE
source

SEQUENCE: ©
aagctgattt

SEQ ID NO: 10
FEATURE
sOource

SEQUENCE: 10
tactacctca

SEQ ID NO: 11
FEATURE

moltype = DNA length = 10
Location/Qualifiers

1..10

mol type = unassigned DNA
organism = Homo sgapiens
moltype = length =
moltype = length =

moltype = DNA length = 10
Location/Qualifiers

1..10
mol type = unassigned DNA
organism = Caenorhabditis elegans

moltype = DNA length = 10
Location/Qualifiers

1..10
mol type = unassigned DNA
organism = Homo sapiliens

moltype = DNA length = 10
Location/Qualifiers

22

22

22

22

22

10

10

10
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-continued
source 1..10
mol type = unassigned DNA
organism = Homo sapiliens

SEQUENCE: 11
cgtgctgcta
SEQ ID NO: 12

moltype = DNA length = 11

FEATURE Location/Qualifiers
source 1..11
mol type = unassigned DNA
organism = Homo sapilens
SEQUENCE: 12
ctgataagct a
SEQ ID NO: 13 moltype = length =

SEQUENCE: 13
000

We claim:

1. A method comprising:

a) providing a dataset describing a time-resolved signal
comprising a series of signal intensity transition events;
and

b) classilying the series of signal intensity transition
events according to at least one of the following
criteria:

1) a number of signal intensity transition events within
an observation time 1s greater than a threshold num-
ber of signal intensity transition events;

11) a median dwell time or a mean dwell time calculated
for a number of signal itensity transition events 1s
greater than a threshold dwell time; and/or

111) a median dwell time or a mean dwell time calcu-
lated for a number of signal intensity transition
events 1s less than a maximum dwell time.

2. The method of claim 1, wherein the number of signal
intensity transition events comprises a number of consecu-
tive signal intensity transition events.

3. The method of claim 1, wherein the time-resolved
signal comprising a series of signal intensity transition
events 1s produced by recording a signal produced by a
process ol continuous-time stochastic transitions between
two or more states each having a different signal intensity.

4. The method of claim 1, wherein the time-resolved
signal comprising a series of signal intensity transition
events 1s produced by recording a signal produced by a
Poisson process.

5. The method of claim 1, wherein the dataset describes
a time-resolved signal comprising a series of signal intensity
transition events that occur during a defined time interval.

6. The method of claim 5, wherein the defined time
interval 1s 10 to 100 minutes.

7. The method of claam 1, wherein the time-resolved
signal comprising a series of signal intensity transition
events 1s produced by a repeated transient association of a
detectably labeled query probe to a single analyte.

8. The method of claim 7, wherein a dissociation rate of
said transient association is at least 0.001 s™*.

9. The method of claim 1, further comprising analyzing
the dataset to 1dentily signal intensity transition events in the
time-resolved signal.

10. The method of claim 9, wherein analyzing the dataset
to 1dentify signal intensity transition events in the time-
resolved signal comprises using a hidden Markov model

10

11

and/or edge detection to identily signal intensity transition
events 1n the time-resolved signal.

11. The method of claim 9, wherein analyzing the dataset
to 1dentily signal intensity transition events comprises iden-
tifying portions of the signal that have an intensity value
greater than a threshold intensity value.

12. The method of claim 11, wherein the threshold inten-
sity value 1s an intensity value greater than a background
intensity value.

13. The method of claim 11, wherein the threshold inten-
sity value 1s an mtensity value that 1s at least 1 or 2 standard
deviations greater than a background intensity value.

14. The method of claim 1, wherein the threshold number
ol signal intensity transition events 1s 10.

15. The method of claim 1, wherein the threshold number
of signal intensity transition events 1s a number of standard
deviations above a mean number of transitions determined
using a negative control.

16. The method of claim 1, further comprising determin-
ing a dwell time for a signal intensity transition event by
calculating an amount of time that a signal intensity 1s above
a threshold value.

17. The method of claim 1, further comprising identifying
acceptable signals according to the results of the classitying.

18. The method of claim 1, wherein providing the dataset
describing a time-resolved signal comprising a series of
signal intensity transition events comprises producing said
dataset describing a time-resolved signal comprising a series
ol signal intensity transition events.

19. The method of claim 1, wherein providing the dataset
describing a time-resolved signal comprising a series of
signal intensity transition events comprises receiving said
dataset describing a time-resolved signal comprising a series
of signal intensity transition events.

20. A method comprising;:

a) recerving a dataset describing a plurality of time-
resolved signals, wherein each time-resolved signal
comprises a series of signal intensity transition events;
and

b) classifying each time-resolved signal of the plurality of
time-resolved signals according to at least one of the
following criteria:

1) a number of signal intensity transition events within
an observation time 1s greater than a threshold num-
ber of signal intensity transition events;
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11) a median dwell time or a mean dwell time calculated
for a number of signal intensity transition events 1s
greater than a threshold dwell time; and/or

111) a median dwell time or a mean dwell time calcu-
lated for a number of signal intensity transition
events 1s less than a maximum dwell time.

21. The method of claim 18, further comprising 1denti-
tying acceptable time-resolved signals using the results of
the classifying.

22. The method of claim 19, further comprising counting,
the acceptable time-resolved signals to produce a count of

acceptable time-resolved signals.

% x *H % o
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