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Methods of detecting multiple nucleic acid targets in single
cells through indirect capture of labels to the nucleic acids
are provided. Methods of assaying the relative levels of
nucleic acid targets through normalization to levels of ref-
erence nucleic acids are also provided. Methods of detecting
individual cells, particularly rare cells from large heteroge-
neous cell populations, through detection of nucleic acids
are described. Related compositions, systems, and kits are
also provided.
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METHODS OF DETECTING NUCLEIC
ACIDS IN INDIVIDUAL CELLS AND OF
IDENTIFYING RARE CELLS FROM LARGE
HETEROGENEOUS CELL POPULATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application of
U.S. application Ser. No. 16/294,864, filed on Mar. 6, 2019,
which is a continuation of U.S. application Ser. No. 11/471,
278, filed on Jun. 19, 2006, which is a non-provisional utility
patent application claiming priority to and benefit of the
following prior provisional patent application: U.S. Ser. No.
60/691,834, filed on Jun. 20, 2005, entitled “Method of
Detecting and Enumerating Rare Cells from Large Hetero-
geneous Cell Populations” by Luo and Chen, each of which
is incorporated herein by reference in its entirety for all
purposes.

FIELD OF THE INVENTION

[0002] The invention relates generally to nucleic acid
chemistry and biochemical assays. More particularly, the
invention relates to methods for in situ detection of nucleic
acid analytes in single cells. The invention also relates to
detection and identification of single cells, particularly rare
cells.

BACKGROUND OF THE INVENTION

[0003] Ample evidence has demonstrated that cancer cells
can dissociate from the primary tumor and circulate in the
lymph node, bone marrow, peripheral blood or other body
fluids. These circulating tumor cells (CTC) have been shown
to reflect the biological characteristics of the primary
tumors, including the potential for metastasis development
and tumor recurrence. Therefore, the detection of CTC may
indicate disease recurrence, tumor cell spreading, and a high
potential for distant metastasis. All of these are significant
informative clinical factors in identifying high-risk cancer
patients’ disease status (e.g. Vogel et al., 2002; Gilbey et al.,
2004; Molnar et al., 2003; Vlems et al., 2003; Ma et al.,
2003).

[0004] Validation of the clinical utility of CTC detection
as a prognostic indicator has not been progressing as fast as
expected, in large part due to lack of suitable detection
technologies. One key difficulty in detecting CTC in periph-
eral blood or other body fluids is that CTC are present in the
circulation in extremely low concentrations, estimated to be
in the range of one tumor cell among 10°-10” normal white
blood cells. As a result, any detection technology for this
application has to exhibit exceptional sensitivity and speci-
ficity in order to limit both false negative and false positive
rate to an acceptable level.

[0005] One existing approach incorporates immunomag-
netic separation technology in detection of intact CTC (U.S.
Pat. Nos. 6,365,362; 6,645,731). Using this technology, a
blood sample from a cancer patient is incubated with mag-
netic beads coated with antibodies directed against an epi-
thelial surface antigen as for example EpCAM (Cristofanilli
etal., 2004). The magnetically labeled cells are then isolated
using a magnetic separator. The immunomagnetically-en-
riched fraction is further processed for downstream analysis
for CTC identification. Using this technology, it was shown
in a prospective study that the number of CTC after treat-
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ment is an independent predictor of progression-free sur-
vival and overall survival in patients with metastatic breast
cancer (Cristofanilli et al., 2004). Although this technology
has reported high sensitivity, its applicability is limited by
the availability of detection antibodies that are highly sen-
sitive and specific to particular types of CTC. The antibodies
can exhibit non-specific binding to other cellular compo-
nents which can lead to low signal to noise ratio and impair
later detection. The antibodies binding to CTC may also
bind to antigen present in other types of cells at low level,
resulting in a high level of false positives.

[0006] Another approach for determining the presence of
CTC has been to test for the tumor cell specific expression
of messenger RNA in blood. Real time reverse transcription-
polymerase chain reaction (QPCR) has been used to corre-
late the detection of CTC with patient prognosis. Real-time
RT-PCR has been used for detecting CEA mRNA in periph-
eral blood of colorectal cancer patients (Ito et al., 2002).
Disease free survival of patients with positive CEA mRNA
in post-operative blood was significantly shorter than in
cases that were negative for CEA mRNA. These results
suggest that tumor cells were shed into the bloodstream and
resulted in poor patient outcomes in patients with colorectal
cancer. Another report demonstrated the clinical utility of
molecular detection of CTC in high-risk AJCC stage IIBC
and IITAB melanoma patients using multiple mRNA mark-
ers by QPCR (Mocellin et al., 2004). The advantage of
detecting tumor specific mRNA expression is that any
tumor-specific gene can be used to serve as a diagnostic/
prognostic marker. However, the QPCR approach requires
the laborious procedure of mRNA isolation from the blood
sample and reverse transcription before the PCR reaction.
False positives are often observed using this technique due
to sample contamination by chromosomal DNA or low-level
expression of the chosen marker gene in normal blood cells
(Fava et al. 2001). In addition, the limit of detection sensi-
tivity of this technique is at most about one tumor cell per
1 ml of blood, and the technology cannot provide an
accurate count of CTC numbers.

[0007] It is highly desirable to detect and quantitate tumor
cell specific mRNA expression at a single cell level in blood
or other body fluids. A technology that can detect expression
of multiple specific mRNAs in individual cells in suspension
would allow both sensitive and specific detection and enu-
meration of CTC in blood or other body fluids. In addition,
such technology could enable the collection of CTC cells for
downstream cytological and molecular analysis. Currently
available techniques do not fulfill these needs.

[0008] In situ hybridization (ISH) technology is an estab-
lished method of localizing and detecting specific mRNA
sequences in morphologically preserved tissue sections or
cell preparations (Hicks et al., 2004). The most common
specimens used are frozen sections, paraffin embedded sec-
tions or suspension cells that were cytospun onto glass slides
and fixed with methanol. Detection is carried out using
nucleic acid probes that are complementary to and hybridize
with specific nucleotide sequences within cells and tissues.
The sensitivity of the technique is such that threshold levels
of detection are in the range of 10-20 copies of mRNA per
cell.

[0009] However, ISH technology faces a number of tech-
nical challenges that limit its wide use. First of all, cells
immobilized on solid surface exhibit poor hybridization
kinetics. Secondly, assay optimization is generally required
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for a target mRNA in probe selection, labeling, and detec-
tion, for each tissue section in fixation and permeabilization,
and in hybridization and washing. In addition, various
experiments need to be performed to control for the speci-
ficity of the probe, for tissue mRNA quality, and for the
hybridization efficacy of the experimental procedure. In
addition to technical issues, current ISH technology has
relatively low performance standards in term of its detection
sensitivity and reproducibility. The false positive rate is still
high unless the relevant cells are re-examined manually
using their morphology, which is time and labor-intensive.
Current ISH technology also does not have the capability to
quantitatively determine the mRNA expression level or to
simultaneously measure the expression of multiple target
mRNA within cells, which may provide clinical valuable
information such as increased detection sensitivity and
specificity, and the identification of primary tumor type,
source and stage.

[0010] There are four main types of probes that are
typically used in performing in situ hybridization within
cells: oligonucleotide probes (usually 20-40 bases in length),
single-stranded DNA probes (200-500 bases in length),
double stranded DNA probes, or RNA probes (200-5000
bases in length). RNA probes are currently the most widely
used probes for in situ hybridization as they have the
advantage that RNA-RNA hybrids are very thermostable
and are resistant to digestion by RNases. RNA probe is a
direct labeling method that suffers a number of difficulties.
First, separate labeled probes have to be prepared for detect-
ing each mRNA of interest. Second, it is technically difficult
to detect the expression of multiple mRNA of interest in situ
at the same time. As a result, only sequential detection of
multiple mRNAs using different labeling methods has
recently been reported (Schrock et al, 1996; Kosman et al,
2004). Furthermore, with direct labeling methods, there is
no good way to control for potential cross-hybridization
with non-specific sequences in cells. Branched DNA
(bDNA) in situ hybridization is an indirect labeling method
for detecting mRNA in single cells (Player et al, 2001). This
method uses a series of oligonucleotide probes that have one
portion hybridizing to the specific mRNA of interest and
another portion hybridizing to the bDNA for signal ampli-
fication and detection. bDNA ISH has the advantage of using
unlabeled oligonucleotide probes for detecting every mRNA
of interest and the signal amplification and detection are
generic components in the assay. However, the gene specific
probes in the bDNA ISH need to be theoretically screened
against possible non-specific hybridization interactions with
other mRNA sequences in the cells. The nonspecific hybrid-
ization of the oligonucleotide probes in bDNA ISH can
become a serious problem when multiple of those probes
have to be used for the detection of low abundance mRNAs.
Similarly, although use of bDNA ISH to detect or quantitate
multiple mRNAs is desirable, such nonspecific hybridiza-
tion of the oligonucleotide probes is a potential problem.
[0011] The present invention overcomes the above noted
difficulties and provides methods for detecting nucleic acids
in and for identifying individual cells. A complete under-
standing of the invention will be obtained upon review of the
following.

SUMMARY OF THE INVENTION

[0012] Methods of detecting nucleic acid targets in single
cells, including methods of detecting multiple targets in a
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single cell, are provided. Methods of detecting individual
cells, particularly rare cells from large heterogeneous cell
populations, through detection of nucleic acids are
described. Related compositions, systems, and kits are also
described.

[0013] A first general class of embodiments includes
methods of detecting two or more nucleic acid targets in an
individual cell. In the methods, a sample comprising the cell
is provided. The cell comprises, or is suspected of compris-
ing, a first nucleic acid target and a second nucleic acid
target. A first label probe comprising a first label and a
second label probe comprising a second label, wherein a first
signal from the first label is distinguishable from a second
signal from the second label, are provided. At least a first
capture probe and at least a second capture probe are also
provided.

[0014] The first capture probe is hybridized, in the cell, to
the first nucleic acid target (when the first nucleic acid target
is present in the cell), and the second capture probe is
hybridized, in the cell, to the second nucleic acid target
(when the second nucleic acid target is present in the cell).
The first label probe is captured to the first capture probe and
the second label probe is captured to the second capture
probe, thereby capturing the first label probe to the first
nucleic acid target and the second label probe to the second
nucleic acid target. The first signal from the first label and
the second signal from the second label are then detected.
Since the first and second labels are associated with their
respective nucleic acid targets through the capture probes,
presence of the label(s) in the cell indicates the presence of
the corresponding nucleic acid target(s) in the cell. The
methods are optionally quantitative. Thus, an intensity of the
first signal and an intensity of the second signal can be
measured, and the intensity of the first signal can be corre-
lated with a quantity of the first nucleic acid target in the cell
while the intensity of the second signal is correlated with a
quantity of the second nucleic acid target in the cell.
[0015] In one aspect, the label probes bind directly to the
capture probes. For example, in one class of embodiments,
a single first capture probe and a single second capture probe
are provided, the first label probe is hybridized to the first
capture probe, and the second label probe is hybridized to
the second capture probe. In a related class of embodiments,
two or more first capture probes and two or more second
capture probes are provided, as are a plurality of the first
label probes (e.g., two or more identical first label probes)
and a plurality of the second label probes (e.g., two or more
identical second label probes). The two or more first capture
probes are hybridized to the first nucleic acid target, and the
two or more second capture probes are hybridized to the
second nucleic acid target. A single first label probe is
hybridized to each of the first capture probes, and a single
second label probe is hybridized to each of the second
capture probes.

[0016] In another aspect, the label probes are captured to
the capture probes indirectly, for example, through binding
of preamplifiers and/or amplifiers. In one class of embodi-
ments in which amplifiers are employed, a single first
capture probe, a single second capture probe, a plurality of
the first label probes, and a plurality of the second label
probes are provided. A first amplifier is hybridized to the first
capture probe and to the plurality of first label probes, and
a second amplifier is hybridized to the second capture probe
and to the plurality of second label probes. In another class
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of embodiments, two or more first capture probes, two or
more second capture probes, a plurality of the first label
probes, and a plurality of the second label probes are
provided. The two or more first capture probes are hybrid-
ized to the first nucleic acid target, and the two or more
second capture probes are hybridized to the second nucleic
acid target. A first amplifier is hybridized to each of the first
capture probes, and the plurality of first label probes is
hybridized to the first amplifiers. A second amplifier is
hybridized to each of the second capture probes, and the
plurality of second label probes is hybridized to the second
amplifiers.

[0017] Inone class of embodiments in which preamplifiers
are employed, a single first capture probe, a single second
capture probe, a plurality of the first label probes, and a
plurality of the second label probes are provided. A first
preamplifier is hybridized to the first capture probe, a
plurality of first amplifiers is hybridized to the first pream-
plifier, and the plurality of first label probes is hybridized to
the first amplifiers. A second preamplifier is hybridized to
the second capture probe, a plurality of second amplifiers is
hybridized to the second preamplifier, and the plurality of
second label probes is hybridized to the second amplifiers.
In another class of embodiments, two or more first capture
probes, two or more second capture probes, a plurality of the
first label probes, and a plurality of the second label probes
are provided. The two or more first capture probes are
hybridized to the first nucleic acid target, and the two or
more second capture probes are hybridized to the second
nucleic acid target. A first preamplifier is hybridized to each
of the first capture probes, a plurality of first amplifiers is
hybridized to each of the first preamplifiers, and the plurality
of first label probes is hybridized to the first amplifiers. A
second preamplifier is hybridized to each of the second
capture probes, a plurality of second amplifiers is hybridized
to each of the second preamplifiers, and the plurality of
second label probes is hybridized to the second amplifiers.

[0018] In embodiments in which two or more first capture
probes and/or two or more second capture probes are
employed, the capture probes preferably hybridize to non-
overlapping polynucleotide sequences in their respective
nucleic acid target.

[0019] In one class of embodiments, a plurality of the first
label probes and a plurality of the second label probes are
provided. A first amplified polynucleotide is produced by
rolling circle amplification of a first circular polynucleotide
hybridized to the first capture probe. The first circular
polynucleotide comprises at least one copy of a polynucle-
otide sequence identical to a polynucleotide sequence in the
first label probe, and the first amplified polynucleotide thus
comprises a plurality of copies of a polynucleotide sequence
complementary to the polynucleotide sequence in the first
label probe. The plurality of first label probes is then
hybridized to the first amplified polynucleotide. Similarly, a
second amplified polynucleotide is produced by rolling
circle amplification of a second circular polynucleotide
hybridized to the second capture probe. The second circular
polynucleotide comprises at least one copy of a polynucle-
otide sequence identical to a polynucleotide sequence in the
second label probe, and the second amplified polynucleotide
thus comprises a plurality of copies of a polynucleotide
sequence complementary to the polynucleotide sequence in
the second label probe. The plurality of second label probes
is then hybridized to the second amplified polynucleotide.
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The amplified polynucleotides remain associated with the
capture probe(s), and the label probes are thus captured to
the nucleic acid targets.

[0020] The methods are useful for multiplex detection of
nucleic acids, including simultaneous detection of more than
two nucleic acid targets. Thus, the cell optionally comprises
or is suspected of comprising a third nucleic acid target, and
the methods optionally include: providing a third label probe
comprising a third label, wherein a third signal from the
third label is distinguishable from the first and second
signals, providing at least a third capture probe, hybridizing
in the cell the third capture probe to the third nucleic acid
target (when present in the cell), capturing the third label
probe to the third capture probe, and detecting the third
signal from the third label. Fourth, fitth, sixth, etc. nucleic
acid targets are similarly simultaneously detected in the cell
if desired. Each hybridization or capture step is preferably
accomplished for all of the nucleic acid targets at the same
time.

[0021] A nucleic acid target can be essentially any nucleic
acid that is desirably detected in the cell. For example, a
nucleic acid target can be a DNA, a chromosomal DNA, an
RNA, an mRNA, a microRNA, a ribosomal RNA, or the
like. The nucleic acid target can be a nucleic acid endog-
enous to the cell. As another example, the target can be a
nucleic acid introduced to or expressed in the cell by
infection of the cell with a pathogen, for example, a viral or
bacterial genomic RNA or DNA, a plasmid, a viral or
bacterial mRNA, or the like.

[0022] The first and second (and/or optional third, fourth,
etc.) nucleic acid targets can be part of a single nucleic acid
molecule, or they can be separate molecules. In one class of
embodiments, the first nucleic acid target is a first mRNA
and the second nucleic acid target is a second mRNA. In
another class of embodiments, the first nucleic acid target
comprises a first region of an mRNA and the second nucleic
acid target comprises a second region of the same mRNA. In
another class of embodiments, the first nucleic acid target
comprises a first chromosomal DNA polynucleotide
sequence and the second nucleic acid target comprises a
second chromosomal DNA polynucleotide sequence. The
first and second chromosomal DNA polynucleotide
sequences are optionally located on the same chromosome,
e.g., within the same gene, or on different chromosomes.
[0023] In one aspect, the signal(s) from nucleic acid
target(s) are normalized. In one class of embodiments, the
second nucleic acid target comprises a reference nucleic
acid, and the method includes normalizing the first signal to
the second signal. The label (first, second, third, etc.) can be
essentially any convenient label that directly or indirectly
provides a detectable signal. In one aspect, the first label is
a first fluorescent label and the second label is a second
fluorescent label.

[0024] The methods can be used to detect the presence of
the nucleic acid targets in cells from essentially any type of
sample. For example, the sample can be derived from a
bodily fluid such as blood. The methods for detecting
nucleic acid targets in cells can be used to identify the cells.
For example, a cell can be identified as being of a desired
type based on which nucleic acids, and in what levels, it
contains. Thus, in one class of embodiments, the methods
include identifying the cell as a desired target cell based on
detection of the first and second signals (and optional third,
fourth, etc. signals) from within the cell. As just a few
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examples, the cell can be a circulating tumor cell, a virally
infected cell, a fetal cell in maternal blood, a bacterial cell
or other microorganism in a biological sample, or an
endothelial cell, precursor endothelial cell, or myocardial
cell in blood.

[0025] The cell is typically fixed and permeabilized before
hybridization of the capture probes, to retain the nucleic acid
targets in the cell and to permit the capture probes, label
probes, etc. to enter the cell. The cell is optionally washed
to remove materials not captured to one of the nucleic acid
targets. The cell can be washed after any of various steps, for
example, after hybridization of the capture probes to the
nucleic acid targets to remove unbound capture probes, after
hybridization of the preamplifiers, amplifiers, and/or label
probes to the capture probes, and/or the like. It will be
evident that double-stranded nucleic acid target(s) are pref-
erably denatured, e.g., by heat, prior to hybridization of the
corresponding capture probe(s) to the target(s).

[0026] Preferably, the cell is in suspension for all or most
of the steps of the method. Thus, in one class of embodi-
ments, the cell is in suspension in the sample comprising the
cell, and/or the cell is in suspension during the hybridizing,
capturing, and/or detecting steps. In other embodiments, the
cell is in suspension in the sample comprising the cell, and
the cell is fixed on a substrate during the hybridizing,
capturing, and/or detecting steps. For example, the cell can
be in suspension during the hybridization, capturing, and
optional washing steps and immobilized on a substrate
during the detection step. In embodiments in which the cell
is in suspension, the first and second (and optional third,
etc.) signals can be conveniently detected by flow cytometry.
Signals from the labels are typically detected in a single
operation.

[0027] One general class of embodiments provides meth-
ods of assaying a relative level of one or more target nucleic
acids in an individual cell. In the methods, a sample com-
prising the cell is provided. The cell comprises or is sus-
pected of comprising a first, target nucleic acid, and it
comprises a second, reference nucleic acid. A first label
probe comprising a first label and a second label probe
comprising a second label, wherein a first signal from the
first label is distinguishable from a second signal from the
second label, are also provided. In the cell, the first label
probe is captured to the first, target nucleic acid (when
present in the cell) and the second label probe is captured to
the second, reference nucleic acid. The first signal from the
first label and the second signal from the second label are
then detected in the individual cell, and the intensity of each
signal is measured. The intensity of the first signal is
normalized to the intensity of the second (reference) signal.
The level of the first, target nucleic acid relative to the level
of the second, reference nucleic acid in the cell is thereby
assayed, since the first and second labels are associated with
their respective nucleic acids. The methods are optionally
quantitative, permitting measurement of the amount of the
first, target nucleic acid relative to the amount of the second,
reference nucleic acid in the cell. Thus, the intensity of the
first signal normalized to that of the second signal can be
correlated with a quantity of the first, target nucleic acid
present in the cell.

[0028] The label probes can bind directly to the nucleic
acids. For example, the first label probe can hybridize to the
first, target nucleic acid and/or the second label probe can
hybridize to the second, reference nucleic acid. Alterna-
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tively, the label probes can be bound indirectly to the nucleic
acids, e.g., via capture probes. In one class of embodiments,
at least a first capture probe and at least a second capture
probe are provided. In the cell, the first capture probe is
hybridized to the first, target nucleic acid and the second
capture probe is hybridized to the second, reference nucleic
acid. The first label probe is captured to the first capture
probe and the second label probe is captured to the second
capture probe, thereby capturing the first label probe to the
first, target nucleic acid and the second label probe to the
second, reference nucleic acid. The features described for
the methods above apply to these embodiments as well, with
respect to configuration and number of the label and capture
probes, optional use of preamplifiers and/or amplifiers,
rolling circle amplification of circular polynucleotides, and
the like.

[0029] The methods can be used for multiplex detection of
nucleic acids, including simultaneous detection of two or
more target nucleic acids. Thus, the cell optionally com-
prises or is suspected of comprising a third, target nucleic
acid, and the methods optionally include: providing a third
label probe comprising a third label, wherein a third signal
from the third label is distinguishable from the first and
second signals; capturing, in the cell, the third label probe to
the third, target nucleic acid (when present in the cell);
detecting the third signal from the third label, which detect-
ing comprises measuring an intensity of the third signal; and
normalizing the intensity of the third signal to the intensity
of the second signal. Fourth, fifth, sixth, etc. nucleic acids
are similarly simultaneously detected in the cell if desired.
[0030] The methods for assaying relative levels of target
nucleic acids in cells can be used to identify the cells. For
example, a cell can be identified as being of a desired type
based on which nucleic acids, and in what levels, it contains.
Thus, in one class of embodiments, the methods include
identifying the cell as a desired target cell based on the
normalized first signal (and optional normalized third,
fourth, etc. signals).

[0031] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to type of target and reference nucleic
acids, cell type, source of sample, fixation and permeabili-
zation of the cell, washing the cell, denaturation of double-
stranded target and reference nucleic acids, type of labels,
use of optional blocking probes, detection of signals, detec-
tion (and intensity measurement) by flow cytometry or
microscopy, presence of the cell in suspension or immobi-
lized on a substrate, and/or the like.

[0032] Another general class of embodiments provides
methods of performing comparative gene expression analy-
sis in single cells. In the methods, a first mixed cell popu-
lation comprising one or more cells of a specified type is
provided. An expression level of one or more target nucleic
acids relative to a reference nucleic acid is measured in the
cells of the specified type of the first population, to provide
a first expression profile. A second mixed cell population
comprising one or more cells of the specified type is also
provided, and an expression level of the one or more target
nucleic acids relative to the reference nucleic acid is mea-
sured in the cells of the specified type of the second
population, to provide a second expression profile. The first
and second expression profiles are then compared.

[0033] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
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example, with respect to type of target and reference nucleic
acids, cell type, source of sample, fixation and permeabili-
zation of the cell, washing the cell, denaturation of double-
stranded target and reference nucleic acids, type of labels,
use and configuration of label probes, capture probes, pre-
amplifiers and/or amplifiers, use of optional blocking
probes, detection of signals, detection (and intensity mea-
surement) by flow cytometry or microscopy, presence of the
cell in suspension or immobilized on a substrate, and/or the
like.

[0034] In one aspect, the invention provides methods that
facilitate association of a high density of labels to target
nucleic acids in cells. One general class of embodiments
provides methods of detecting two or more nucleic acid
targets in an individual cell. In the methods, a sample
comprising the cell is provided. The cell comprises or is
suspected of comprising a first nucleic acid target and a
second nucleic acid target. In the cell, a first label is captured
to the first nucleic acid target (when present in the cell) and
a second label is captured to the second nucleic acid target
(when present in the cell). A first signal from the first label
is distinguishable from a second signal from the second
label. As noted, the labels are captured at high density. Thus,
an average of at least one copy of the first label per
nucleotide of the first nucleic acid target is captured to the
first nucleic acid target over a region that spans at least 20
contiguous nucleotides of the first nucleic acid target, and an
average of at least one copy of the second label per nucleo-
tide of the second nucleic acid target is captured to the
second nucleic acid target over a region that spans at least 20
contiguous nucleotides of the second nucleic acid target. The
first signal from the first label and the second signal from the
second label are detected.

[0035] In one class of embodiments, an average of at least
four, eight, or twelve copies of the first label per nucleotide
of'the first nucleic acid target are captured to the first nucleic
acid target over a region that spans at least 20 contiguous
nucleotides of the first nucleic acid target, and an average of
at least four, eight, or twelve copies of the second label per
nucleotide of the second nucleic acid target are captured to
the second nucleic acid target over a region that spans at
least 20 contiguous nucleotides of the second nucleic acid
target. In one embodiment, an average of at least sixteen
copies of the first label per nucleotide of the first nucleic acid
target are captured to the first nucleic acid target over a
region that spans at least 20 contiguous nucleotides of the
first nucleic acid target, and an average of at least sixteen
copies of the second label per nucleotide of the second
nucleic acid target are captured to the second nucleic acid
target over a region that spans at least 20 contiguous
nucleotides of the second nucleic acid target.

[0036] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant, for
example, with respect to type of labels, detection of signals,
type, treatment, and suspension of the cell, and/or the like.
A like density of third, fourth, fifth, sixth, etc. labels is
optionally captured to third, fourth, fifth, sixth, etc. nucleic
acid targets.

[0037] Another general class of embodiments provides
methods of detecting an individual cell of a specified type.
In the methods, a sample comprising a mixture of cell types
including at least one cell of the specified type is provided.
A first label probe comprising a first label and a second label
probe comprising a second label, wherein a first signal from
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the first label is distinguishable from a second signal from
the second label, are provided. In the cell, the first label
probe is captured to a first nucleic acid target (when the first
nucleic acid target is present in the cell) and the second label
probe is captured to a second nucleic acid target (when the
second nucleic acid target is present in the cell). The first
signal from the first label and the second signal from the
second label are detected and correlated with the presence,
absence, or amount of the corresponding, first and second
nucleic acid targets in the cell. The cell is identified as being
of the specified type based on detection of the presence,
absence, or amount of both the first and second nucleic acid
targets within the cell, where the specified type of cell is
distinguishable from the other cell type(s) in the mixture on
the basis of either the presence, absence, or amount of the
first nucleic acid target or the presence, absence, or amount
of the second nucleic acid target in the cell (that is, the
nucleic acid targets are redundant markers for the specified
cell type). An intensity of the first signal and an intensity of
the second signal are optionally measured and correlated
with a quantity of the corresponding nucleic acid present in
the cell. In one class of embodiments, the cell comprises a
first nucleic acid target and a second nucleic acid target, and
the cell is identified as being of the specified type based on
detection of the presence or amount of both the first and
second nucleic acid targets within the cell, where the speci-
fied type of cell is distinguishable from the other cell type(s)
in the mixture on the basis of either the presence or amount
of the first nucleic acid target or the presence or amount of
the second nucleic acid target in the cell.

[0038] The label probes can bind directly to the nucleic
acid targets. For example, the first label probe can hybridize
to the first nucleic acid target and/or the second label probe
can hybridize to the second nucleic acid target. The label
probes are optionally captured to the nucleic acid targets via
capture probes. In one class of embodiments, at least a first
capture probe and at least a second capture probe are
provided. In the cell, the first capture probe is hybridized to
the first nucleic acid target and the second capture probe is
hybridized to the second nucleic acid target. The first label
probe is captured to the first capture probe and the second
label probe is captured to the second capture probe, thereby
capturing the first label probe to the first nucleic acid target
and the second label probe to the second nucleic acid target.
The features described for the methods above apply to these
embodiments as well, with respect to configuration and
number of the label and capture probes, optional use of
preamplifiers and/or amplifiers, rolling circle amplification
of circular polynucleotides, and the like.

[0039] Third, fourth, fifth, etc. nucleic acid targets are
optionally detected in the cell. For example, the method
optionally includes: providing a third label probe comprising
a third label, wherein a third signal from the third label is
distinguishable from the first and second signals, capturing
in the cell the third label probe to a third nucleic acid target
(when the third target is present in the cell), and detecting the
third signal from the third label. The third, fourth, fifth, etc.
label probes are optionally hybridized directly to their
corresponding nucleic acid, or they can be captured indi-
rectly via capture probes as described for the first and second
label probes.

[0040] The first and/or second signal can be normalized to
the third signal. Thus, in some embodiments, the cell com-
prises the third nucleic acid target, and the methods include
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identifying the cell as being of the specified type based on
the normalized first and/or second signal, e.g., in embodi-
ments in which the target cell type is distinguishable from
the other cell type(s) in the mixture based on the copy
number of the first and/or second nucleic acid targets, rather
than purely on their presence in the target cell type and not
in the other cell type(s).

[0041] As another example, the third nucleic acid target
can serve as a third redundant marker for the target cell type,
e.g., to improve specificity of the assay for the desired cell
type. Thus, in one class of embodiments, the methods
include correlating the third signal detected from the cell
with the presence, absence, or amount of the third nucleic
acid target in the cell, and identifying the cell as being of the
specified type based on detection of the presence, absence,
or amount of the first, second, and third nucleic acid targets
within the cell, wherein the specified type of cell is distin-
guishable from the other cell type(s) in the mixture on the
basis of either presence, absence, or amount of the first
nucleic acid target, presence, absence, or amount of the
second nucleic acid target, or presence, absence, or amount
of the third nucleic acid target in the cell.

[0042] The methods can be applied to detection and iden-
tification of even rare cell types. For example, the ratio of
cells of the specified type to cells of all other type(s) in the
mixture is optionally less than 1:1x10% less than 1:1x10°,
less than 1:1x10°, less than 1:1x107, less than 1:1x10%, or
even less than 1:1x10°.

[0043] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to type of nucleic acid targets, cell
type, source of sample, fixation and permeabilization of the
cell, washing the cell, denaturation of double-stranded
nucleic acids, type of labels, use of optional blocking probes,
detection of signals, detection (and intensity measurement)
of signals from the individual cell by flow cytometry or
microscopy, presence of the cell in suspension or immobi-
lized on a substrate, and/or the like.

[0044] The invention also provides compositions useful in
practicing or produced by the methods. One exemplary class
of'embodiments provides a composition that includes a fixed
and permeabilized cell, which cell comprises or is suspected
of comprising a first nucleic acid target and a second nucleic
acid target, at least a first capture probe capable of hybrid-
izing to the first nucleic acid target, at least a second capture
probe capable of hybridizing to the second nucleic acid
target, a first label probe comprising a first label, and a
second label probe comprising a second label. A first signal
from the first label is distinguishable from a second signal
from the second label. The cell optionally comprises the first
and second capture probes and label probes. The first and
second capture probes are optionally hybridized to their
respective nucleic acid targets in the cell.

[0045] The features described for the methods above for
indirect capture of the label probes to the nucleic acid targets
apply to these embodiments as well, for example, with
respect to configuration and number of the label and capture
probes, optional use of preamplifiers and/or amplifiers, and
the like.

[0046] In one class of embodiments, the composition
comprises a plurality of the first label probes, a plurality of
the second label probes, a first amplified polynucleotide
produced by rolling circle amplification of a first circular
polynucleotide hybridized to the first capture probe, and a
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second amplified polynucleotide produced by rolling circle
amplification of a second circular polynucleotide hybridized
to the second capture probe. The first circular polynucleotide
comprises at least one copy of a polynucleotide sequence
identical to a polynucleotide sequence in the first label
probe, and the first amplified polynucleotide comprises a
plurality of copies of a polynucleotide sequence comple-
mentary to the polynucleotide sequence in the first label
probe. The second circular polynucleotide comprises at least
one copy of a polynucleotide sequence identical to a poly-
nucleotide sequence in the second label probe, and the
second amplified polynucleotide comprises a plurality of
copies of a polynucleotide sequence complementary to the
polynucleotide sequence in the second label probe. The
composition can also include reagents necessary for produc-
ing the amplified polynucleotides, for example, an exog-
enously supplied nucleic acid polymerase, an exogenously
supplied nucleic acid ligase, and/or exogenously supplied
nucleoside triphosphates (e.g., dNTPs).

[0047] The cell optionally includes additional nucleic acid
targets, and the composition (and cell) can include reagents
for detecting these targets. For example, the cell can com-
prise or be suspected of comprising a third nucleic acid
target, and the composition can include at least a third
capture probe capable of hybridizing to the third nucleic acid
target and a third label probe comprising a third label. A third
signal from the third label is distinguishable from the first
and second signals. The cell optionally includes fourth, fifth,
sixth, etc. nucleic acid targets, and the composition option-
ally includes fourth, fifth, sixth, etc. label probes and capture
probes.

[0048] The cell can be present in a mixture of cells, for
example, a complex heterogeneous mixture. In one class of
embodiments, the cell is of a specified type, and the com-
position comprises one or more other types of cells. These
other cells can be present in excess, even large excess, of the
cell. For example, the ratio of cells of the specified type to
cells of all other type(s) in the composition is optionally less
than 1:1x10% less than 1:1x10°, less than 1:1x10°, less than
1:1x107, less than 1:1x10%, or even less than 1:1x10°.

[0049] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to type of nucleic acid target, type and
source of cell, location of various targets on a single
molecule or on different molecules, type of labels, inclusion
of optional blocking probes, and/or the like. The cell is
optionally in suspension in the composition.

[0050] One general class of embodiments provides a com-
position comprising a cell, which cell includes a first nucleic
acid target, a second nucleic acid target, a first label whose
presence in the cell is indicative of the presence of the first
nucleic acid target in the cell, and a second label whose
presence in the cell is indicative of the presence of the
second nucleic acid target in the cell, wherein a first signal
from the first label is distinguishable from a second signal
from the second label. An average of at least one copy of the
first label is present in the cell per nucleotide of the first
nucleic acid target over a region that spans at least 20
contiguous nucleotides of the first nucleic acid target, and an
average of at least one copy of the second label is present in
the cell per nucleotide of the second nucleic acid target over
a region that spans at least 20 contiguous nucleotides of the
second nucleic acid target.



US 2020/0407782 Al

[0051] In one class of embodiments, the copies of the first
label are physically associated with the first nucleic acid
target, and the copies of the second label are physically
associated with the second nucleic acid target. For example,
the first label can be part of a first label probe and the second
label part of a second label probe, where the label probes are
captured to the target nucleic acids.

[0052] Essentially all of the features noted for the embodi-
ments above apply to these embodiments as well, as rel-
evant, for example, with respect to type and number of
labels, suspension of the cell, and/or the like. A like density
of labels is optionally present for third, fourth, fifth, sixth,
etc. nucleic acid targets.

[0053] Another aspect of the invention provides kits useful
for practicing the methods. One general class of embodi-
ments provides a kit for detecting a first nucleic acid target
and a second nucleic acid target in an individual cell. The kit
includes at least one reagent for fixing and/or permeabilizing
the cell, at least a first capture probe capable of hybridizing
to the first nucleic acid target, at least a second capture probe
capable of hybridizing to the second nucleic acid target, a
first label probe comprising a first label, and a second label
probe comprising a second label, wherein a first signal from
the first label is distinguishable from a second signal from
the second label, packaged in one or more containers.
[0054] Essentially all of the features noted for the embodi-
ments above apply to these embodiments as well, as rel-
evant; for example, with respect to number of nucleic acid
targets, configuration and number of the label and capture
probes, inclusion of preamplifiers and/or amplifiers, inclu-
sion of blocking probes, inclusion of amplification reagents,
type of nucleic acid target, location of various targets on a
single molecule or on different molecules, type of labels,
inclusion of optional blocking probes, and/or the like.
[0055] Another general class of embodiments provides a
kit for detecting an individual cell of a specified type from
a mixture of cell types by detecting a first nucleic acid target
and a second nucleic acid target. The kit includes at least one
reagent for fixing and/or permeabilizing the cell, a first label
probe comprising a first label, and a second label probe
comprising a second label, wherein a first signal from the
first label is distinguishable from a second signal from the
second label, packaged in one or more containers. The
specified type of cell is distinguishable from the other cell
type(s) in the mixture by presence, absence, or amount of the
first nucleic acid target in the cell or by presence, absence,
or amount of the second nucleic acid target in the cell.
[0056] Essentially all of the features noted for the embodi-
ments above apply to these embodiments as well, as rel-
evant; for example, with respect to number of nucleic acid
targets, inclusion of capture probes, configuration and num-
ber of the label and/or capture probes, inclusion of pream-
plifiers and/or amplifiers, inclusion of blocking probes,
inclusion of amplification reagents, type of nucleic acid
target, location of various targets on a single molecule or on
different molecules, type of labels, inclusion of optional
blocking probes, and/or the like.

BRIEF DESCRIPTION OF THE DRAWINGS

[0057] FIG. 1 schematically illustrates QMAGEX tech-
nology workflow for an exemplary embodiment.

[0058] FIG. 2 schematically illustrates a direct labeling
approach in which label probes are hybridized to the target
nucleic acid.
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[0059] FIG. 3 schematically illustrates an indirect labeling
approach in which label probes are hybridized to capture
probes hybridized to the target nucleic acid.

[0060] FIG. 4 schematically illustrates an indirect labeling
capture probe design approach that utilizes a pair of inde-
pendent capture probes to enhance the specificity of the label
probe capture to the target nucleic acid.

[0061] FIG. 5 schematically illustrates an indirect labeling
capture probe design approach that utilizes three or more
independent capture probes to enhance the specificity of the
label probe capture to the target nucleic acid.

[0062] FIGS. 6A-6B schematically illustrate probe design
approaches to detect multiple target molecules in parallel
using either direct labeling (FIG. 6A) or indirect labeling
with two independent capture probes (FIG. 6B).

[0063] FIGS. 7A-7C schematically illustrate probe design
approaches to reducing false positive rates in rare cell
identification by attaching multiple types of signal-generat-
ing particles (labels) to the same target molecule. FIG. 7A
shows multiple types of signal-generating panicles (labels)
on one target. FIG. 7B shows multiple types of signal-
generating panicles (labels) on more than one target, where
the relative signal strengths of the particle set are maintained
across all targets. FIG. 7C shows a set of signal-generating
particles (labels) on a target molecule, where different
targets have distinctively different sets.

[0064] FIGS. 8A-8D schematically illustrate different
structures of exemplary amplifiers.

[0065] FIGS. 9A-9C schematically illustrate utilizing roll-
ing circle amplification to amplify signal. As shown in FIG.
9A, a circular nucleotide molecule is attached to capture
probe(s). As shown in FIG. 9B, a long chain molecule with
many repeated sequences appears as a result of rolling circle
amplification. As shown in FIG. 9C, many signal probes can
be hybridized to the repeated sequences to achieve signal
amplification.

[0066] FIG. 10 schematically illustrates one embodiment
of the assay instrument configuration.

[0067] Schematic figures are not necessarily to scale.
Definitions
[0068] Unless defined otherwise, all technical and scien-

tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
invention pertains. The following definitions supplement
those in the art and are directed to the current application and
are not to be imputed to any related or unrelated case, e.g.,
to any commonly owned patent or application. Although any
methods and materials similar or equivalent to those
described herein can be used in the practice for testing of the
present invention, the preferred materials and methods are
described herein. Accordingly, the terminology used herein
is for the purpose of describing particular embodiments only,
and is not intended to be limiting.

[0069] As used in this specification and the appended
claims, the singular forms “a,” “an” and “the” include plural
referents unless the context clearly dictates otherwise. Thus,
for example, reference to “a molecule” includes a plurality
of such molecules, and the like.

[0070] The term “about” as used herein indicates the value
of a given quantity varies by +/-10% of the value, or
optionally +/-5% of the value, or in some embodiments, by
+/-1% of the value so described.
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[0071] The term “polynucleotide” (and the equivalent
term “nucleic acid”) encompasses any physical string of
monomer units that can be corresponded to a string of
nucleotides, including a polymer of nucleotides (e.g., a
typical DNA or RNA polymer), peptide nucleic acids
(PNAs), modified oligonucleotides (e.g., oligonucleotides
comprising nucleotides that are not typical to biological
RNA or DNA, such as 2'-O-methylated oligonucleotides),
and the like. The nucleotides of the polynucleotide can be
deoxyribonucleotides, ribonucleotides or nucleotide ana-
logs, can be natural or non-natural, and can be unsubstituted,
unmodified, substituted or modified. The nucleotides can be
linked by phosphodiester bonds, or by phosphorothioate
linkages, methylphosphonate linkages, boranophosphate
linkages, or the like. The polynucleotide can additionally
comprise non-nucleotide elements such as labels, quenchers,
blocking groups, or the like. The polynucleotide can be, e.g.,
single-stranded or double-stranded.

[0072] A “nucleic acid target” or “target nucleic acid”
refers to a nucleic acid, or optionally a region thereof, that
is to be detected.

[0073] A “polynucleotide sequence” or ‘nucleotide
sequence” is a polymer of nucleotides (an oligonucleotide,
a DNA, a nucleic acid, etc.) or a character string represent-
ing a nucleotide polymer, depending on context. From any
specified polynucleotide sequence, either the given nucleic
acid or the complementary polynucleotide sequence (e.g.,
the complementary nucleic acid) can be determined.
[0074] The term “gene” is used broadly to refer to any
nucleic acid associated with a biological function. Genes
typically include coding sequences and/or the regulatory
sequences required for expression of such coding sequences.
The term gene can apply to a specific genomic sequence, as
well as to a cDNA or an mRNA encoded by that genomic
sequence. Genes also include non-expressed nucleic acid
segments that, for example, form recognition sequences for
other proteins. Non-expressed regulatory sequences include
promoters and enhancers, to which regulatory proteins such
as transcription factors bind, resulting in transcription of
adjacent or nearby sequences.

[0075] Two polynucleotides “hybridize” when they asso-
ciate to form a stable duplex, e.g., under relevant assay
conditions. Nucleic acids hybridize due to a variety of well
characterized physico-chemical forces, such as hydrogen
bonding, solvent exclusion, base stacking and the like. An
extensive guide to the hybridization of nucleic acids is found
in Tijssen (1993) Laboratory Techniques in Biochemistry
and Molecular Biology-Hybridization with Nucleic Acid
Probes, part I chapter 2, “Overview of principles of hybrid-
ization and the strategy of nucleic acid probe assays”
(Elsevier, New York), as well as in Ausubel, infra.

[0076] A first polynucleotide “capable of hybridizing” to a
second polynucleotide contains a first polynucleotide
sequence that is complementary to a second polynucleotide
sequence in the second polynucleotide. The first and second
polynucleotides are able to form a stable duplex, e.g., under
relevant assay conditions.

[0077] The “T,,” (melting temperature) of a nucleic acid
duplex under specified conditions (e.g., relevant assay con-
ditions) is the temperature at which half of the base pairs in
a population of the duplex are disassociated and half are
associated. The T,, for a particular duplex can be calculated
and/or measured, e.g., by obtaining a thermal denaturation
curve for the duplex (where the T,, is the temperature
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corresponding to the midpoint in the observed transition
from double-stranded to single-stranded form).

[0078] The term “complementary” refers to a polynucle-
otide that forms a stable duplex with its “complement,” e.g.,
under relevant assay conditions. Typically, two polynucle-
otide sequences that are complementary to each other have
mismatches at less than about 20% of the bases, at less than
about 10% of the bases, preferably at less than about 5% of
the bases, and more preferably have no mismatches.
[0079] A “label” is a moiety that facilitates detection of a
molecule. Common labels in the context of the present
invention include fluorescent, luminescent, light-scattering,
and/or colorimetric labels. Suitable labels include enzymes
and fluorescent moieties, as well as radionuclides, sub-
strates, cofactors, inhibitors, chemiluminescent moieties,
magnetic panicles, and the like. Patents teaching the use of
such labels include U.S. Pat. Nos. 3,817,837, 3,850,752;
3,939,350, 3,996,345, 4,277,437, 4,275,149; and 4,366,241.
Many labels are commercially available and can be used in
the context of the invention.

[0080] The term “label probe” refers to an entity that binds
to a target molecule, directly or indirectly, and enables the
target to be detected, e.g., by a readout instrument. A label
probe (or “LP”) is typically a single-stranded polynucleotide
that comprises at least one label which directly or indirectly
provides a detectable signal. The label can be covalently
attached to the polynucleotide, or the polynucleotide can be
configured to bind to the label (e.g., a biotinylated poly-
nucleotide can bind a streptavidin-associated label). The
label probe can, for example, hybridize directly to a target
nucleic acid, or it can hybridize to a nucleic acid that is in
turn hybridized to the target nucleic acid or to one or more
other nucleic acids that are hybridized to the nucleic acid.
Thus, the label probe can comprise a polynucleotide
sequence that is complementary to a polynucleotide
sequence of the target nucleic acid, or it can comprise at least
one polynucleotide sequence that is complementary to a
polynucleotide sequence in a capture probe, amplifier, or the
like.

[0081] A “capture probe” is a polynucleotide that is
capable of hybridizing to a target nucleic acid and capturing
a label probe to that target nucleic acid. The capture probe
can hybridize directly to the label probe, or it can hybridize
to one or more nucleic acids that in turn hybridize to the
label probe; for example, the capture probe can hybridize to
an amplifier or a preamplifier. The capture probe thus
includes a first polynucleotide sequence that is complemen-
tary to a polynucleotide sequence of the target nucleic acid
and a second polynucleotide sequence that is complemen-
tary to a polynucleotide sequence of the label probe, ampli-
fier, preamplifier, or the like. The capture probe is preferably
single-stranded.

[0082] An “amplifier” is a molecule, typically a poly-
nucleotide, that is capable of hybridizing to multiple label
probes. Typically, the amplifier hybridizes to multiple iden-
tical label probes. The amplifier also hybridizes to at least
one capture probe or nucleic acid bound to a capture probe.
For example, the amplifier can hybridize to at least one
capture probe and to a plurality of label probes, or to a
preamplifier and a plurality of label probes. The amplifier
can be, e.g., a linear, forked, comb-like, or branched nucleic
acid. As noted for all polynucleotides, the amplifier can
include modified nucleotides and/or nonstandard internucle-
otide linkages as well as standard deoxyribonucleotides,
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ribonucleotides, and/or phosphodiester bonds. Suitable
amplifiers are described, for example, in U.S. Pat. Nos.
5,635,352, 5,124,246, 5,710,264, and 5,849,481.

[0083] A “preamplifier” is a molecule, typically a poly-
nucleotide, that serves as an intermediate between one or
more capture probes and amplifiers. Typically, the pream-
plifier hybridizes simultaneously to one or more capture
probes and to a plurality of amplifiers. Exemplary pream-
plifiers are described, for example, in U.S. Pat. Nos. 5,635,
352 and 5,681,697.

[0084] A “pathogen” is a biological agent, typically a
microorganism, that causes disease or illness to its host.
[0085] A “microorganism” is an organism of microscopic
or submicroscopic size. Examples include, but are not
limited to, bacteria, fungi, yeast, protozoans, microscopic
algae (e.g., unicellular algae), viruses (which are typically
included in this category although they are incapable of
growth and reproduction outside of host cells), subviral
agents, viroids, and mycoplasma.

[0086] A variety of additional terms are defined or other-
wise characterized herein.

DETAILED DESCRIPTION

[0087] Among other aspects, the present invention pro-
vides multiplex assays that can be used for simultaneous
detection, and optionally quantitation, of two or more
nucleic acid targets in a single cell. A related aspect of the
invention provides methods for detecting the level of one or
more target nucleic acids relative to that of a reference
nucleic acid in an individual cell.

[0088] In general, in the assays of the invention, a label
probe is captured to each target nucleic acid. The label probe
can be captured to the target through direct binding of the
label probe to the target. Preferably, however, the label probe
is captured indirectly through binding to capture probes,
amplifiers, and/or preamplifiers that bind to the target. Use
of the optional amplifiers and preamplifiers facilitates cap-
ture of multiple copies of the label probe to the target, thus
amplifying signal from the target without requiring enzy-
matic amplification of the target itself. Binding of the
capture probes is optionally cooperative, reducing back-
ground caused by undesired cross hybridization of capture
probes to non-target nucleic acids (a greater problem in
multiplex assays than singleplex assays since more probes
must be used in multiplex assays, increasing the likelihood
of cross hybridization).

[0089] One aspect of the invention relates to detection of
single cells, including detection of rare cells from a hetero-
geneous mixture of cells. Individual cells are detected
through detection of nucleic acids whose presence, absence,
copy number, or the like are characteristic of the cell.
[0090] Compositions, kits, and systems related to the
methods are also provided.

Methods of Detecting Nucleic Acids and Cells

[0091] Multiplex Detection of Nucleic Acids

[0092] As noted, one aspect of the invention provides
multiplex nucleic acid assays in single cells. Thus, one
general class of embodiments includes methods of detecting
two or more nucleic acid targets in an individual cell. In the
methods, a sample comprising the cell is provided. The cell
comprises, or is suspected of comprising, a first nucleic acid
target and a second nucleic acid target. A first label probe
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comprising a first label and a second label probe comprising
a second label, wherein a first signal from the first label is
distinguishable from a second signal from the second label,
are provided. At least a first capture probe and at least a
second capture probe are also provided.

[0093] The first capture probe is hybridized, in the cell, to
the first nucleic acid target (when the first nucleic acid target
is present in the cell), and the second capture probe is
hybridized, in the cell, to the second nucleic acid target
(when the second nucleic acid target is present in the cell).
The first label probe is captured to the first capture probe and
the second label probe is captured to the second capture
probe, thereby capturing the first label probe to the first
nucleic acid target and the second label probe to the second
nucleic acid target. The first signal from the first label and
the second signal from the second label are then detected.
Since the first and second labels are associated with their
respective nucleic acid targets through the capture probes,
presence of the label(s) in the cell indicates the presence of
the corresponding nucleic acid target(s) in the cell. The
methods are optionally quantitative. Thus, an intensity of the
first signal and an intensity of the second signal can be
measured, and the intensity of the first signal can be corre-
lated with a quantity of the first nucleic acid target in the cell
while the intensity of the second signal is correlated with a
quantity of the second nucleic acid target in the cell.
[0094] In one aspect, the label probes bind directly to the
capture probes. For example, in one class of embodiments,
a single first capture probe and a single second capture probe
are provided, the first label probe is hybridized to the first
capture probe, and the second label probe is hybridized to
the second capture probe. In a related class of embodiments,
two or more first capture probes and two or more second
capture probes are provided, as are a plurality of the first
label probes (e.g., two or more identical first label probes)
and a plurality of the second label probes (e.g., two or more
identical second label probes). The two or more first capture
probes are hybridized to the first nucleic acid target, and the
two or more second capture probes are hybridized to the
second nucleic acid target. A single first label probe is
hybridized to each of the first capture probes, and a single
second label probe is hybridized to each of the second
capture probes.

[0095] In another aspect, the label probes are captured to
the capture probes indirectly, for example, through binding
of preamplifiers and/or amplifiers. Use of amplifiers and
preamplifiers can be advantageous in increasing signal
strength, since they can facilitate binding of large numbers
of label probes to each nucleic acid target.

[0096] In one class of embodiments in which amplifiers
are employed, a single first capture probe, a single second
capture probe, a plurality of the first label probes, and a
plurality of the second label probes are provided. A first
amplifier is hybridized to the first capture probe and to the
plurality of first label probes, and a second amplifier is
hybridized to the second capture probe and to the plurality
of second label probes. In another class of embodiments,
two or more first capture probes, two or more second capture
probes, a plurality of the first label probes, and a plurality of
the second label probes are provided. The two or more first
capture probes are hybridized to the first nucleic acid target,
and the two or more second capture probes are hybridized to
the second nucleic acid target. A first amplifier is hybridized
to each of the first capture probes, and the plurality of first
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label probes is hybridized to the first amplifiers. A second
amplifier is hybridized to each of the second capture probes,
and the plurality of second label probes is hybridized to the
second amplifiers.

[0097] Inone class of embodiments in which preamplifiers
are employed, a single first capture probe, a single second
capture probe, a plurality of the first label probes, and a
plurality of the second label probes are provided. A first
preamplifier is hybridized to the first capture probe, a
plurality of first amplifiers is hybridized to the first pream-
plifier, and the plurality of first label probes is hybridized to
the first amplifiers. A second preamplifier is hybridized to
the second capture probe, a plurality of second amplifiers is
hybridized to the second preamplifier, and the plurality of
second label probes is hybridized to the second amplifiers.
In another class of embodiments, two or more first capture
probes, two or more second capture probes, a plurality of the
first label probes, and a plurality of the second label probes
are provided. The two or more first capture probes are
hybridized to the first nucleic acid target, and the two or
more second capture probes are hybridized to the second
nucleic acid target. A first preamplifier is hybridized to each
of the first capture probes, a plurality of first amplifiers is
hybridized to each of the first preamplifiers, and the plurality
of first label probes is hybridized to the first amplifiers. A
second preamplifier is hybridized to each of the second
capture probes, a plurality of second amplifiers is hybridized
to each of the second preamplifiers, and the plurality of
second label probes is hybridized to the second amplifiers.
Optionally, additional preamplifiers can be used as interme-
diates between a preamplifier hybridized to the capture
probe(s) and the amplifiers.

[0098] In the above classes of embodiments, one capture
probe hybridizes to each label probe, amplifier, or pream-
plifier. In alternative classes of related embodiments, two or
more capture probes hybridize to the label probe, amplifier,
or preamplifier. See, e.g., the section below entitled “Imple-
mentation, applications, and advantages.”

[0099] In embodiments in which two or more first capture
probes and/or two or more second capture probes are
employed, the capture probes preferably hybridize to non-
overlapping polynucleotide sequences in their respective
nucleic acid target. The capture probes can, but need not,
cover a contiguous region of the nucleic acid target. Block-
ing probes, polynucleotides which hybridize to regions of
the nucleic acid target not occupied by capture probes, are
optionally provided and hybridized to the target. For a given
nucleic acid target, the corresponding capture probes and
blocking probes are preferably complementary to physically
distinct, nonoverlapping sequences in the nucleic acid target,
which nonoverlapping sequences are preferably, but not
necessarily, contiguous. Having the capture probes and
optional blocking probes be contiguous with each other can
in some embodiments enhance hybridization strength,
remove secondary structure, and ensure more consistent and
reproducible signal.

[0100] In many embodiments, such as those above, enzy-
matic manipulation is not required to capture the label
probes to the capture probes. In other embodiments, how-
ever, enzymatic manipulation, particularly amplification of
nucleic acids intermediate between the capture probes and
the label probes, facilitates detection of the nucleic acid
targets. For example, in one class of embodiments, a plu-
rality of the first label probes and a plurality of the second
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label probes are provided. A first amplified polynucleotide is
produced by rolling circle amplification of a first circular
polynucleotide hybridized to the first capture probe. The first
circular polynucleotide comprises at least one copy of a
polynucleotide sequence identical to a polynucleotide
sequence in the first label probe, and the first amplified
polynucleotide thus comprises a plurality of copies of a
polynucleotide sequence complementary to the polynucle-
otide sequence in the first label probe. The plurality of first
label probes is then hybridized to the first amplified poly-
nucleotide. Similarly, a second amplified polynucleotide is
produced by rolling circle amplification of a second circular
polynucleotide hybridized to the second capture probe (pref-
erably, at the same time the first amplified polynucleotide is
produced). The second circular polynucleotide comprises at
least one copy of a polynucleotide sequence identical to a
polynucleotide sequence in the second label probe, and the
second amplified polynucleotide thus comprises a plurality
of copies of a polynucleotide sequence complementary to
the polynucleotide sequence in the second label probe. The
plurality of second label probes is then hybridized to the
second amplified polynucleotide. The amplified polynucle-
otides remain associated (e.g., covalently) with the capture
probe(s), and the label probes are thus captured to the
nucleic acid targets. A circular polynucleotide can be pro-
vided and hybridized to the capture probe, or a linear
polynucleotide that is circularized by ligation after it binds
to the capture probe (e.g., a padlock probe) can be employed.
Techniques for rolling circle amplification, including use of
padlock probes, are well known in the art. See, e.g., Larsson
et al. (2004) “In situ genotyping individual DNA molecules
by target-primed rolling-circle amplification of padlock
probes” Nat Methods. 1(3):227-32, Nilsson et al. (1994)
Science 265:2085-2088, and Antson el al. (2000) “PCR-
generated padlock probes detect single nucleotide variation
in genomic DNA” Nucl Acids Res 28(12):ESS.

[0101] Potential capture probe sequences are optionally
examined for possible interactions with non-corresponding
nucleic acid targets, the preamplifiers, the amplifiers, the
label probes, and/or any relevant genomic sequences, for
example. Sequences expected to cross-hybridize with unde-
sired nucleic acids are typically not selected for use in the
capture probes. Examination can be, e.g., visual (e.g., visual
examination for complementarity), computational (e.g., a
BLAST search of the relevant genomic database, or com-
putation and comparison of binding free energies), and/or
experimental (e.g., cross-hybridization experiments). Label
probe sequences are preferably similarly examined, to help
minimize potential undesirable cross-hybridization.

[0102] A capture probe, preamplifier, amplifier, and/or
label probe optionally comprises at least one non-natural
nucleotide. For example, a capture probe and a preamplifier
(or amplifier or label probe) that hybridizes to it optionally
comprise, at complementary positions, at least one pair of
non-natural nucleotides that base pair with each other but
that do not Watson-Crick base pair with the bases typical to
biological DNA or RNA (i.e., A, C, G, T, or U). Examples
of nonnatural nucleotides include, but are not limited to,
Locked Nucleic Acid™ nucleotides (available from Exiqon
A/S, (www.) exiqon.com; see, e.g., Santalucia Jr. (1998)
Proc Natl Acad Sci 95:1460-1465) and 150G, isoC, and other
nucleotides used in the AEGIS system (Artificially
Expanded Genetic Information System, available from Era-
Gen Biosciences, (www.) eragen.com; see, e.g., U.S. Pat.
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Nos. 6,001,983, 6,037,120, and 6,140,496). Use of such
non-natural base pairs (e.g., i50G-isoC base pairs) in the
probes can, for example, reduce background and/or simplify
probe design by decreasing cross hybridization, or it can
permit use of shorter probes when the non-natural base pairs
have higher binding affinities than do natural base pairs.
[0103] As noted, the methods are useful for multiplex
detection of nucleic acids, including simultaneous detection
of more than two nucleic acid targets. Thus, the cell option-
ally comprises or is suspected of comprising a third nucleic
acid target, and the methods optionally include: providing a
third label probe comprising a third label, wherein a third
signal from the third label is distinguishable from the first
and second signals, providing at least a third capture probe,
hybridizing in the cell the third capture probe to the third
nucleic acid target (when the third target is present in the
cell), capturing the third label probe to the third capture
probe, and detecting the third signal from the third label.
Fourth, fifth, sixth, etc. nucleic acid targets are similarly
simultaneously detected in the cell if desired.

[0104] A nucleic acid target can be essentially any nucleic
acid that is desirably detected in the cell. For example, a
nucleic acid target can be a DNA, a chromosomal DNA, an
RNA, an mRNA, a microRNA, a ribosomal RNA, or the
like. The nucleic acid target can be a nucleic acid endog-
enous to the cell. As another example, the target can be a
nucleic acid introduced to or expressed in the cell by
infection of the cell with a pathogen, for example, a viral or
bacterial genomic RNA or DNA, a plasmid, a viral or
bacterial mRNA, or the like.

[0105] The first and second (and/or optional third, fourth,
etc.) nucleic acid targets can be part of a single nucleic acid
molecule, or they can be separate molecules. Various advan-
tages and applications of both approaches are discussed in
greater detail below and in the section entitled “Implemen-
tation, applications, and advantages.” In one class of
embodiments, the first nucleic acid target is a first mRNA
and the second nucleic acid target is a second mRNA. In
another class of embodiments, the first nucleic acid target
comprises a first region of an mRNA and the second nucleic
acid target comprises a second region of the same mRNA;
this approach can increase specificity of detection of the
mRNA. In another class of embodiments, the first nucleic
acid target comprises a first chromosomal DNA polynucle-
otide sequence and the second nucleic acid target comprises
a second chromosomal DNA polynucleotide sequence. The
first and second chromosomal DNA polynucleotide
sequences are optionally located on the same chromosome,
e.g., within the same gene, or on different chromosomes.

[0106] In one aspect, the signal(s) from nucleic acid
target(s) are normalized. In one class of embodiments, the
second nucleic acid target comprises a reference nucleic
acid, and the method includes normalizing the first signal to
the second signal. The reference nucleic acid is a nucleic
acid selected as a standard of comparison. It will be evident
that choice of the reference nucleic acid can depend on the
desired application. For example, for gene expression analy-
sis, where the first and optional third, fourth, etc. nucleic
acid targets are mRNAs whose expression levels are to be
determined, the reference nucleic acid can be an mRNA
transcribed from a housekeeping gene. As another example,
the first nucleic acid target can be an mRNA whose expres-
sion is altered in a pathological state, e.g., an mRNA
expressed in a tumor cell and not a normal cell or expressed
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at a higher level in a tumor cell than in a normal cell, while
the second nucleic acid target is an mRNA expressed from
ahousekeeping gene or similar gene whose expression is not
altered in the pathological state. As yet another example, the
first nucleic acid target can be a chromosomal DNA
sequence that is amplified or deleted in a tumor cell, while
the second nucleic acid target is another chromosomal DNA
sequence that is maintained at its normal copy number in the
tumor cell. Exemplary reference nucleic acids are described
herein, and many more are well known in the art.

[0107] Optionally, results from the cell are compared with
results from a reference cell. That is, the first and second
targets are also detected in a reference cell, for example, a
non-tumor, uninfected, or other healthy normal cell, chosen
as a standard of comparison depending on the desired
application. The signals can be normalized to a reference
nucleic acid as noted above. As just one example, the first
nucleic acid target can be the Her-2 gene, with the goal of
measuring Her-2 gene amplification. Signal from Her-2 can
be normalized to that from a reference gene, whose copy
number is stably maintained in the genomic DMA. The
normalized signal for the Her-2 gene from a target cell (e.g.,
a tumor cell or suspected tumor cell) can be compared to the
normalized signal from a reference cell (e.g., a normal cell),
to determine copy number in the cancer cell in comparison
to normal cells.

[0108] The label (first, second, third, etc.) can be essen-
tially any convenient label that directly or indirectly pro-
vides a detectable signal. In one aspect, the first label is a
first fluorescent label and the second label is a second
fluorescent label. Detecting the signal from the labels thus
comprises detecting fluorescent signals from the labels. A
variety of fluorescent labels whose signals can be distin-
guished from each other are known, including, e.g., fluoro-
phores and quantum dots. As other examples, the label can
be a luminescent label, a light-scattering label (e.g., colloidal
gold particles), or an enzyme (e.g., alkaline phosphatase or
horseradish peroxidase).

[0109] The methods can be used to detect the presence of
the nucleic acid targets in cells from essentially any type of
sample. For example, the sample can be derived from a
bodily fluid, a bodily waste, blood, bone marrow, sputum,
urine, lymph node, stool, vaginal secretions, cervical pap
smear, oral swab or other swab or smear, spinal fluid, saliva,
sputum, ejaculatory fluid, semen, lymph fluid, an intercel-
Iular fluid, a tissue (e.g., a tissue homogenate), a biopsy,
and/or a tumor. The sample and/or the cell can be derived
from one or more of a human, an animal, a plant, and a
cultured cell. Samples derived from even relatively large
volumes of materials such as bodily fluid or bodily waste can
be screened in the methods of the invention, and removal of
such materials is relatively non-invasive. Samples are
optionally taken from a patient, following standard labora-
tory methods after informed consent.

[0110] The methods for detecting nucleic acid targets in
cells can be used to identify the cells. For example, a cell can
be identified as being of a desired type based on which
nucleic acids, and in what levels, it contains. Thus, in one
class of embodiments, the methods include identifying the
cell as a desired target cell based on detection of the first and
second signals (and optional third, fourth, etc. signals) from
within the cell. The cell can be identified on the basis of the
presence or absence of one or more of the nucleic acid
targets. Similarly, the cell can be identified on the basis of
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the relative signal strength from or expression level of one
or more of the nucleic acid targets. Signals are optionally
normalized as noted above and/or compared to those from a
reference cell.

[0111] The methods can be applied to detection and iden-
tification of even rare cell types. Thus, the sample including
the cell can be a mixture of desired target cells and other,
nontarget cells, which can be present in excess of the target
cells. For example, the ratio of target cells to cells of all other
type(s) in the sample is optionally less than 1:1x10% less
than 1:1x10°, less than 1:1x10°, less than 1:1x107, less than
1:1x10%, or even less than 1:1x10°.

[0112] Essentially any type of cell that can be differenti-
ated based on its nucleic acid content (presence, absence,
expression level or copy number of one or more nucleic
acids) can be detected and identified using the methods and
a suitable choice of nucleic acid targets. As just a few
examples, the cell can be a circulating tumor cell, a virally
infected cell, a fetal cell in maternal blood, a bacterial cell
or other microorganism in a biological sample (e.g., blood or
other body fluid), an endothelial cell, precursor endothelial
cell, or myocardial cell in blood, a stem cell, or a T-cell. Rare
cell types can be enriched prior to performing the methods,
if necessary, by methods known in the art (e.g., lysis of red
blood cells, isolation of peripheral blood mononuclear cells,
further enrichment of rare target cells through magnetic-
activated cell separation (MACS), etc.). The methods are
optionally combined with other techniques, such as DAPI
staining for nuclear DNA. It will be evident that a variety of
different types of nucleic acid markers are optionally
detected simultaneously by the methods and used to identify
the cell. For example, a cell can be identified based on the
presence or relative expression level of one nucleic acid
target in the cell and the absence of another nucleic acid
target from the cell; e.g., a circulating tumor cell can be
identified by the presence or level of one or more markers
found in the tumor cell and not found (or found at different
levels) in blood cells, and its identity can be confirmed by
the absence of one or more markers present in blood cells
and not circulating tumor cells. The principle may be
extended to using any other type of markers such as protein
based markers in single cells.

[0113] The cell is typically fixed and permeabilized before
hybridization of the capture probes, to retain the nucleic acid
targets in the cell and to permit the capture probes, label
probes, etc. to enter the cell. The cell is optionally washed
to remove materials not captured to one of the nucleic acid
targets. The cell can be washed after any of various steps, for
example, after hybridization of the capture probes to the
nucleic acid targets to remove unbound capture probes, after
hybridization of the preamplifiers, amplifiers, and/or label
probes to the capture probes, and/or the like.

[0114] The various capture and hybridization steps can be
performed simultaneously or sequentially, in essentially any
convenient order. Preferably, a given hybridization step is
accomplished for all of the nucleic acid targets at the same
time. For example, all the capture probes (first, second, etc.)
can be added to the cell at once and permitted to hybridize
to their corresponding targets, the cell can be washed,
amplifiers (first, second, etc.) can be hybridized to the
corresponding capture probes, the cell can be washed, the
label probes (first, second, etc.) can be hybridized to the
corresponding amplifiers, and the cell can then be washed
again prior to detection of the labels. As another example,
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the capture probes can be hybridized to the targets, the cell
can be washed, amplifiers and label probes can be added
together and hybridized, and the cell can then be washed
prior to detection. It will be evident that double-stranded
nucleic acid target(s) are preferably denatured, e.g., by heat,
prior to hybridization of the corresponding capture probe(s)
to the target(s).

[0115] Preferably, the cell is in suspension for all or most
of the steps of the method, for ease of handling. However,
the methods are also applicable to cells in solid tissue
samples (e.g., tissue sections) and/or cells immobilized on a
substrate (e.g., a slide or other surface). Thus, in one class of
embodiments, the cell is in suspension in the sample com-
prising the cell, and/or the cell is in suspension during the
hybridizing, capturing, and/or detecting steps. For example,
the cell can be in suspension in the sample and during the
hybridization, capture, optional washing, and detection
steps. In other embodiments, the cell is in suspension in the
sample comprising the cell, and the cell is fixed on a
substrate during the hybridizing, capturing, and/or detecting
steps. For example, the cell can be in suspension during the
hybridization, capture, and optional washing steps and
immobilized on a substrate during the detection step.

[0116] Signals from the labels can be detected, and their
intensities optionally measured, by any of a variety of
techniques well known in the art. For example, in embodi-
ments in which the cell is in suspension, the first and second
(and optional third, etc.) signals can be conveniently
detected by flow cytometry. In embodiments in which cells
are immobilized on a substrate, the first and second (and
optional third etc.) signals can be detected, for example, by
laser scanner or microscope, e.g., a fluorescent or automated
scanning microscope. As noted, detection is at the level of
individual, single cells. Signals from the labels are typically
detected in a single operation (e.g., a single flow cytometry
run or a single microscopy or scanning session), rather than
sequentially in separate operations for each label. Such a
single detection operation can, for example, involve chang-
ing optical filters between detection of the different labels,
but it does not involve detection of the first label followed
by capture of the second label and then detection of the
second label. In some embodiments, the first and second
(and optional third etc.) labels are captured to their respec-
tive targets simultaneously but are detected in separate
detection steps or operations.

[0117] Additional features described herein, e.g., in the
section below entitled “Implementation, applications, and
advantages,” can be applied to the methods, as relevant. For
example, as described in greater detail below, a label probe
can include more than one label, identical or distinct. Signal
strength is optionally adjusted between targets depending on
their expected copy numbers, if desired; for example, the
signal for an mRNA expressed at low levels can be amplified
to a greater degree (e.g., by use of more labels per label
probe and/or use of preamplifiers and amplifiers to capture
more label probes per copy of the target) than the signal for
a highly expressed mRNA.

[0118] In another aspect of the invention, two or more
nucleic acids are detected by PCR amplification of the
nucleic acids in situ in individual cells. To prevent leakage
of the resulting amplicons out of the cells, a water-oil
emulsion can be made as mentioned in Li et al. (2006)
“BEAMing up for detection and quantification of rare
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sequence variants” Nature Methods 3(2):95-7 that separates
single cells into different compartments.

[0119] Detection of Relative Levels by Normalization to
Reference Nucleic Acids

[0120] As discussed briefly above, the signal detected for
a nucleic acid of interest can be normalized to that of a
standard, reference nucleic acid. One general class of
embodiments thus provides methods of assaying a relative
level of one or more target nucleic acids in an individual cell.
In the methods, a sample comprising the cell is provided.
The cell comprises or is suspected of comprising a first,
target nucleic acid, and it comprises a second, reference
nucleic acid. A first label probe comprising a first label and
a second label probe comprising a second label, wherein a
first signal from the first label is distinguishable from a
second signal from the second label, are also provided. In the
cell, the first label probe is captured to the first, target nucleic
acid (when the first, target nucleic acid is present in the cell)
and the second label probe is captured to the second,
reference nucleic acid. The first signal from the first label
and the second signal from the second label are then detected
in the individual cell, and the intensity of each signal is
measured. The intensity of the first signal is normalized to
the intensity of the second (reference) signal. The level of
the first, target nucleic acid relative to the level of the
second, reference nucleic acid in the cell is thereby assayed,
since the first and second labels are associated with their
respective nucleic acids. The methods are optionally quan-
titative, permitting measurement of the amount of the first,
target nucleic acid relative to the amount of the second,
reference nucleic acid in the cell. Thus, the intensity of the
first signal normalized to that of the second signal can be
correlated with a quantity of the first, target nucleic acid
present in the cell.

[0121] The label probes can bind directly to the nucleic
acids. For example, the first label probe can hybridize to the
first, target nucleic acid and/or the second label probe can
hybridize to the second, reference nucleic acid. Alterna-
tively, some or all of the label probes can be indirectly bound
to their corresponding nucleic acids, e.g., through capture
probes. For example, the first and second label probes can
bind directly to the nucleic acids, or one can bind directly
while the other binds indirectly, or both can bind indirectly.
[0122] The label probes are optionally captured to the
nucleic acids via capture probes. In one class of embodi-
ments, at least a first capture probe and at least a second
capture probe are provided. In the cell, the first capture probe
is hybridized to the first, target nucleic acid and the second
capture probe is hybridized to the second, reference nucleic
acid. The first label probe is captured to the first capture
probe and the second label probe is captured to the second
capture probe, thereby capturing the first label probe to the
first, target nucleic acid and the second label probe to the
second, reference nucleic acid. The features described for
the methods above apply to these embodiments as well, with
respect to configuration and number of the label and capture
probes, optional use of preamplifiers and/or amplifiers,
rolling circle amplification of circular polynucleotides, and
the like.

[0123] The methods can be used for multiplex detection of
nucleic acids, including simultaneous detection of two or
more target nucleic acids. Thus, the cell optionally com-
prises or is suspected of comprising a third, target nucleic
acid, and the methods optionally include: providing a third
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label probe composing a third label, wherein a third signal
from the third label is distinguishable from the first and
second signals; capturing, in the cell, the third label probe to
the third, target nucleic acid (when present in the cell);
detecting the third signal from the third label, which detect-
ing comprises measuring an intensity of the third signal; and
normalizing the intensity of the third signal to the intensity
of the second signal. Alternatively, the third signal can be
normalized to that from a different reference nucleic acid.
Fourth, fifth, sixth, etc. nucleic acids are similarly simulta-
neously detected in the cell if desired. The third, fourth, fifth,
etc. label probes are optionally hybridized directly to their
corresponding nucleic acid, or they can be captured indi-
rectly via capture probes as described for the first and second
label probes.

[0124] The methods can be used for gene expression
analysis, detection of gene amplification or deletion, or
detection or diagnosis of disease, as just a few examples. A
target nucleic acid can be essentially any nucleic acid that is
desirably detected in the cell. For example, a target nucleic
acid can be a DNA, a chromosomal DNA, an RNA, an
mRNA, a microRNA, a ribosomal RNA, or the like. The
target nucleic acid can be a nucleic acid endogenous to the
cell, or as another example, the target can be a nucleic acid
introduced to or expressed in the cell by infection of the cell
with a pathogen, for example, a viral or bacterial genomic
RNA or DNA, a plasmid, a viral or bacterial mRNA, or the
like. The reference nucleic acid can similarly be a DNA, an
mRNA, a chromosomal DNA, an mRNA, an RNA endog-
enous to the cell, or the like.

[0125] As described above, choice of the reference nucleic
acid can depend on the desired application. For example, for
gene expression analysis, where the first and optional third,
fourth, etc. target nucleic acids are mRNAs whose expres-
sion levels are to be determined, the reference nucleic acid
can be an mRNA transcribed from a housekeeping gene. As
another example, the first, target nucleic acid can be an
mRNA whose expression is altered in a pathological state,
e.g., an mRNA expressed in a tumor cell and not a normal
cell or expressed at a higher level in a tumor cell than in a
normal cell, while the reference nucleic acid is an mRNA
expressed from a housekeeping gene or similar gene whose
expression is not altered in the pathological state. In a
similar example, the target nucleic acid can be a viral or
bacterial nucleic acid while the reference nucleic acid is
endogenous to the cell. As yet another example, the first,
target nucleic acid can be a chromosomal DNA sequence
that is amplified or deleted in a tumor cell, while the
reference nucleic acid is another chromosomal DNA
sequence that is maintained at its normal copy number in the
tumor cell. Exemplary reference nucleic acids are described
herein, and many more are well known in the art.

[0126] In one class of embodiments, the first, target
nucleic acid is a first mRNA and the second, reference
nucleic acid is a second mRNA. In another class of embodi-
ments, the first, target nucleic acid comprises a first chro-
mosomal DNA polynucleotide sequence and the second,
reference nucleic acid comprises a second chromosomal
DNA polynucleotide sequence. The first and second chro-
mosomal DNA polynucleotide sequences are optionally
located on the same chromosome or on different chromo-
somes.

[0127] Optionally, normalized results from the cell are
compared with normalized results from a reference cell.
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That is, the target and reference nucleic acids are also
detected in a reference cell, for example, a non-tumor,
uninfected, or other healthy normal cell, chosen as a stan-
dard of comparison depending on the desired application. As
just one example, the first, target nucleic acid can be the
Her-2 gene, with the goal of measuring Her-2 gene ampli-
fication. Signal from Her-2 can be normalized to that from
a reference gene whose copy number is stably maintained in
the genomic DNA. The normalized signal for the Her-2 gene
from a target cell (e.g., a tumor cell or suspected tumor cell)
can be compared to the normalized signal from a reference
cell (e.g., a normal cell), to determine copy number in the
cancer cell in comparison to normal cells.

[0128] Signal strength is optionally adjusted between the
target and reference nucleic acids depending on their
expected copy numbers, if desired. For example, the signal
for a target mRNA expressed at low levels can be amplified
to a greater degree (e.g., by use of more labels per label
probe and/or use of capture probes, preamplifiers and ampli-
fiers to capture more label probes per copy of the target) than
the signal for a highly expressed mRNA (which can, e.g., be
detected by direct binding of the label probe to the reference
nucleic acid, by use of capture probes and amplifier without
a preamplifier, or the like).

[0129] The methods for assaying relative levels of target
nucleic acids in cells can be used to identify the cells. For
example, a cell can be identified as being of a desired type
based on which nucleic acids, and in what levels, it contains.
Thus, in one class of embodiments, the methods include
identifying the cell as a desired target cell based on the
normalized first signal (and optional normalized third,
fourth, etc. signals). As described herein, the cell can be
identified on the basis of the presence or absence of one or
more of the target nucleic acids. Similarly, the cell can be
identified on the basis of the relative signal strength from or
expression level of one or more target nucleic acids. Signals
are optionally compared to those from a reference cell.
[0130] The methods can be applied to detection and iden-
tification of even rare cell types. Thus, the sample including
the cell can be a mixture of desired target cells and other,
nontarget cells, which can be present in excess of the target
cells. For example, the ratio of target cells to cells of all other
type(s) in the sample is optionally less than 1:1x10% less
than 1:1x10°, less than 1:1x10°, less than 1:1x107, less than
1:1x10%, or even less than 1:1x10°.

[0131] Essentially any type of cell that can be differenti-
ated based on its nucleic acid content (presence, absence, or
copy number of one or more nucleic acids) can be detected
and identified using the methods and a suitable choice of
target and reference nucleic acids. As just a few examples,
the cell can be a circulating tumor cell, a virally infected cell,
a fetal cell in maternal blood, a bacterial cell or other
microorganism in a biological sample (e.g., blood or other
body fluid), or an endothelial cell, precursor endothelial cell,
or myocardial cell in blood. Rare cell types can be enriched
prior to performing the methods, if necessary, by methods
known in the art (e.g., lysis of red blood cells, isolation of
peripheral blood mononuclear cells, etc.). The methods are
optionally combined with other techniques, such as DAPI
staining for nuclear DNA. It will be evident that a variety of
different types of nucleic acid markers are optionally
detected simultaneously by the methods and used to identify
the cell. For example, a cell can be identified based on the
presence or relative expression level of one target nucleic
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acid in the cell and the absence of another target nucleic acid
from the cell; e.g., a circulating tumor cell can be identified
by the presence or level of one or more markers found in the
tumor cell and not found (or found at different levels) in
blood cells, and by the absence of one or more markers
present in blood cells and not circulating tumor cells. The
principle may be extended to using any other type of
markers such as protein based markers in single cells.
[0132] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to source of sample, fixation and
permeabilization of the cell, washing the cell, denaturation
of double-stranded target and reference nucleic acids, type
of labels, use of optional blocking probes, detection of
signals, detection (and intensity measurement) by flow
cytometry or microscopy, presence of the cell in suspension
or immobilized on a substrate, and/or the like. Also, addi-
tional features described herein, e.g., in the section entitled
“Implementation, applications, and advantages” can be
applied to the methods, as relevant.

[0133] The methods of the invention can be used for gene
expression analysis in single cells. Currently, gene expres-
sion analysis deals with heterogeneous cell populations such
as blood or tumor specimens. Blood contains various sub-
types of leukocytes, and when changes in gene expression of
whole blood or RNA isolated from blood are measured, it is
not known what subtype of blood cells actually changed
their gene expression. It is possible that gene expression of
only a certain subtype of blood cells is affected in a disease
state or by drug treatment, for example. Technology that can
measure gene expression in single cells, so changes of gene
expression in single cells can be examined, is thus desirable.
Similarly, a tumor specimen contains a heterogeneous cell
population including tumor cells, normal cells, stromal cells,
immune cells, etc. Current technology looks at the sum of
the expression of all those cells through total RNA or cell
lysate. However, the overall expression change may not be
representative of that in target tumor cells. So again, it would
be useful to look at the expression changes in single cells so
that the target tumor cells can be examined specifically, to
see how the target cells change in gene expression and how
they respond to drug treatment, for example.

[0134] Inone aspect, the present invention provides meth-
ods for gene expression analysis in single cells. Single cell
gene expression analysis can be accomplished by measuring
expression of a target gene and normalizing against the
expression of a housekeeping gene, as described above. As
just a couple of examples, the normalized expression in a
disease state can be compared to that in the normal state, or
the expression in a drug treated state can be compared to that
in the normal state. The change of expression level in single
cells may have biological significance indicating disease
progression, drug therapeutic efficacy and/or toxicity, tumor
staging and classification, etc.

[0135] Accordingly, one general class of embodiments
provides methods of performing comparative gene expres-
sion analysis in single cells. In the methods, a first mixed cell
population comprising one or more cells of a specified type
is provided. A second mixed cell population comprising one
or more cells of the specified type is also provided. An
expression level of one or more target nucleic acids relative
to a reference nucleic acid is measured in the cells of the
specified type of the first population, to provide a first
expression profile. An expression level of the one or more
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target nucleic acids relative to the reference nucleic acid is
measured in the cells of the specified type of the second
population, to provide a second expression profile. The first
and second expression profiles are compared.

[0136] Inone class of embodiments, the one or more target
nucleic acids are one or more mRNAs, e.g., two or more,
three or more, four or more, etc. mRNAs. The expression
level of each mRNA can be determined relative to that of a
housekeeping gene whose mRNA serves as the reference
nucleic acid.

[0137] The first and/or second mixed cell population con-
tains at least one other type of cell in addition to the specified
type, more typically at least two or more other types of cells,
and optionally several to many other types of cells (e.g., as
is found in whole blood, a tumor, or other complex biologi-
cal sample). The ratio of cells of the specified type to cells
of all other type(s) in the first or second mixed cell popu-
lation is optionally less than 1:1x10%, less than 1:1x10°, less
than 1:1x105, less than 1:1x107, less than 1:1x108%, or even
less than 1:1x10°.

[0138] As will be evident, a change in gene expression
profile between the two populations may indicate a disease
state or progression, a drug response, a therapeutic efficacy,
etc. Thus, for example, the first mixed cell population can be
from a patient who has been diagnosed or who is to be
diagnosed with a particular disease or disorder, while the
second mixed population is from a healthy individual.
Similarly, the first and second mixed populations can be
from a single individual but taken at different time points,
for example, to follow disease progression or to assess
response to drug treatment. Accordingly, the first mixed cell
population can be taken from an individual (e.g., a human)
before treatment is initiated with a drug or other compound,
while the second population is taken at a specified time after
treatment is initiated. As another example, the first mixed
population can be from a treated individual while the second
mixed population is from an untreated individual.

[0139] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to type of target and reference nucleic
acids, cell type, source of sample, fixation and permeabili-
zation of the cell, washing the cell, denaturation of double-
stranded target and reference nucleic acids, type of labels,
use and configuration of label probes, capture probes, pre-
amplifiers and/or amplifiers, use of optional blocking
probes, detection of signals, detection (and intensity mea-
surement) by flow cytometry or microscopy, presence of the
cell in suspension or immobilized on a substrate, and/or the
like. Exemplary target and reference nucleic acids are
described herein.

[0140] In another aspect, the methods can be used to
compare copy number in single cells from a first population
(e.g., tumor cells) with copy number in single cells from a
second population (e.g., normal cells used as a reference).
The nucleic acid target(s) can be transcripts or genomic
DNA, where, for example, the degree of amplification or
deletion of genes such as her-2 can correlate with tumor
progression. In another aspect, the methods can be applied
to gene expression analysis in single cells in even a single
population, including, for example, cells of the same type
but at different stages of the cell cycle.

[0141] Label Density

[0142] The methods of the invention permit far more
labels to be captured to small regions of target nucleic acids
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than do currently existing techniques. For example, standard
FISH techniques typically use probes that cover 20 kb or
more, and a probe typically has fluorophores chemically
conjugated at a density of approximately one fluorescent
molecule per seven nucleotides of the probe. When molecu-
lar beacon target detection is employed, one label pair is
captured to the target in the region covered by the beacon,
typically about 40 nucleotides. For additional discussion of
exemplary current techniques, see, e.g., U.S. patent appli-
cation publications 2004/0091880 and 2005/0181463, U.S.
Pat. No. 6,645,731, and international patent application
publications WO 95/09245 and 03/019141.

[0143] Methods described herein, in comparison, readily
permit capture of hundreds of labels (e.g., 400 or more) to
the region of the target covered by a single capture probe,
e.g., 20-25 nucleotides or more. The theoretical degree of
amplification achieved from a single capture probe is readily
calculated for any given configuration of capture probes,
amplifiers, etc; for example, the theoretical degree of ampli-
fication achieved from a single capture probe, and thus the
number of labels per length in nucleotides of the capture
probe, can be equal to the number of preamplifiers bound to
the capture probe times the number of amplifiers that bind
each preamplifier times the number of label probes that bind
each preamplifier limes the number of labels per label probe.

[0144] Thus, in one aspect, the invention provides meth-
ods that facilitate association of a high density of labels to
target nucleic acids in cells. One general class of embodi-
ments provides methods of detecting two or more nucleic
acid targets in an individual cell. In the methods, a sample
comprising the cell is provided. The cell comprises or is
suspected of comprising a first nucleic acid target and a
second nucleic acid target. In the cell, a first label is captured
to the first nucleic acid target (when present in the cell) and
a second label is captured to the second nucleic acid target
(when present in the cell). A first signal from the first label
is distinguishable from a second signal from the second
label. As noted, the labels are captured at high density. Thus,
an average of at least one copy of the first label per
nucleotide of the first nucleic acid target is captured to the
first nucleic acid target over a region that spans at least 20
contiguous nucleotides of the first nucleic acid target, and an
average of at least one copy of the second label per nucleo-
tide of the second nucleic acid target is captured to the
second nucleic acid target over a region that spans at least 20
contiguous nucleotides of the second nucleic acid target. The
first signal from the first label and the second signal from the
second label are detected.

[0145] Inone class of embodiments, an average of at least
four, eight, or twelve copies of the first label per nucleotide
of'the first nucleic acid target are captured to the first nucleic
acid target over a region that spans at least 20 contiguous
nucleotides of the first nucleic acid target, and an average of
at least four, eight, or twelve copies of the second label per
nucleotide of the second nucleic acid target are captured to
the second nucleic acid target over a region that spans at
least 20 contiguous nucleotides of the second nucleic acid
target. In one embodiment, an average of at least sixteen
copies of the first label per nucleotide of the first nucleic acid
target are captured to the first nucleic acid target over a
region that spans at least 20 contiguous nucleotides of the
first nucleic acid target, and an average of at least sixteen
copies of the second label per nucleotide of the second
nucleic acid target are captured to the second nucleic acid
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target over a region that spans at least 20 contiguous
nucleotides of the second nucleic acid target.

[0146] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant, for
example, with respect to type, of labels, detection of signals,
type, treatment, and suspension of the cell, and/or the like.
The regions of the first and second nucleic acid targets
optionally span at least 25, 50, 100, 200, or more contiguous
nucleotides and/or at most 2000, 1000, 500, 200, 100, 50, or
fewer nucleotides. A like density of third, fourth, fifth, sixth,
etc. labels is optionally present for (e.g., captured to) third,
fourth, fifth, sixth, etc. nucleic acid targets.

[0147] Detection of Target Cells

[0148] As described above, cells can be detected and
identified by detecting their constituent nucleic acids. For
certain applications, for example, detection of rare cells
from large heterogeneous mixtures of cells, detection of
multiple, redundant nucleic acid markers in order to detect
the rare cell is advantageous. The following hypothetical
example illustrates one advantage of detecting redundant
markers.

[0149] Say that circulating tumor cells (CTC) are to be
detected from a blood sample in which the CTC concentra-
tion is one in 10° normal white blood cells. Ifa single nucleic
acid marker for the CTC (e.g., a nucleic acid whose presence
or copy number can uniquely and sufficiently distinguish the
cell from the rest of the cell population) has a detection
specificity of 1 in 10, 1000 cells will be mistakenly iden-
tified as “CTC” when 10° cells are counted. (Such false
positives can result from random background signal gener-
ated by nonspecific binding of the relevant probe(s) or from
similar factors.) If an additional independent marker is
included which, on its own, also has a detection specificity
of 1 in 10%, and if a cell is identified as a CTC only if both
markers are positive, the combined detection specificity is
now theoretically dramatically increased, to 1 in 10°x
10°=10°. This specificity is sufficient for direct CTC detec-
tion in normal white blood cells under these assumptions.
Similarly, if three independent redundant markers are used
for identification of CTC, the detection specificity can be
boosted to 1 in 10°. Use of two or more redundant markers
thus reduces the number of false positives and facilitates
detection of even rare cells from complex samples.

[0150] Accordingly, one general class of embodiments
provides methods of detecting an individual cell of a speci-
fied type. In the methods, a sample comprising a mixture of
cell types including at least one cell of the specified type is
provided. A first label probe comprising a first label and a
second label probe comprising a second label, wherein a first
signal from the first label is distinguishable from a second
signal from the second label, are provided. In the cell, the
first label probe is captured to a first nucleic acid target
(when the first nucleic acid target is present in the cell) and
the second label probe is captured to a second nucleic acid
target (when the second nucleic acid target is present in the
cell). The first signal from the first label and the second
signal from the second label are detected and correlated with
the presence, absence, or amount of the corresponding, first
and second nucleic acid targets in the cell. The cell is
identified as being of the specified type based on detection
of the presence, absence, or amount (e.g., a non-zero
amount) of both the first and second nucleic acid targets
within the cell, where the specified type of cell is distin-
guishable from the other cell type(s) in the mixture on the
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basis of either the presence, absence, or amount of the first
nucleic acid target or the presence, absence, or amount of the
second nucleic acid target in the cell (that is, the nucleic acid
targets are redundant markers for the specified cell type). An
intensity of the first signal and an intensity of the second
signal are optionally measured and correlated with a quan-
tity of the corresponding nucleic acid present in the cell.
[0151] Each nucleic acid target that serves as a marker for
the specified cell type can distinguish the cell type by its
presence in the cell, by its amount (copy number, e.g., its
genomic copy number or its transcript expression level), or
by its absence from the cell (a negative marker). A set of
nucleic acid targets can include different types of such
markers; that is, one nucleic acid target can serve as a
positive marker, distinguishing the cell by its presence or
non-zero amount in the cell, while another serves as a
negative marker, distinguishing the cell by its absence from
the cell. For example, in one class of embodiments, the cell
comprises a first nucleic acid target and a second nucleic
acid target, and the cell is identified as being of the specified
type based on detection of the presence or amount of both
the first and second nucleic acid targets within the cell,
where the specified type of cell is distinguishable from the
other cell type(s) in the mixture on the basis of either the
presence or amount of the first nucleic acid target or the
presence or amount of the second nucleic acid target in the
cell.

[0152] The label probes can bind directly to the nucleic
acid targets. For example, the first label probe can hybridize
to the first nucleic acid target and/or the second label probe
can hybridize to the second nucleic acid target. Alterna-
tively, some or all of the label probes can be indirectly bound
to their corresponding nucleic acid targets, e.g., through
capture probes. For example, the first and second label
probes can bind directly to the nucleic acid targets, or one
can bind directly while the other binds indirectly, or both can
bind indirectly.

[0153] The label probes are optionally captured to the
nucleic acid targets via capture probes. In one class of
embodiments, at least a first capture probe and at least a
second capture probe are provided. In the cell, the first
capture probe is hybridized to the first nucleic acid target and
the second capture probe is hybridized to the second nucleic
acid target. The first label probe is captured to the first
capture probe and the second label probe is captured to the
second capture probe, thereby capturing the first label probe
to the first nucleic acid target and the second label probe to
the second nucleic acid target. The features described for the
methods above apply to these embodiments as well, with
respect to configuration and number of the label and capture
probes, optional use of preamplifiers and/or amplifiers,
rolling circle amplification of circular polynucleotides, and
the like.

[0154] Third, fourth, fifth, etc. nucleic acid targets are
optionally detected in the cell. For example, the method
optionally includes: providing a third label probe comprising
a third label, wherein a third signal from the third label is
distinguishable from the first and second signals, capturing
in the cell the third label probe to a third nucleic acid target
(when present in the cell), and detecting the third signal from
the third label. The third, fourth, fifth, etc. label probes are
optionally hybridized directly to their corresponding nucleic
acid, or they can be captured indirectly via capture probes as
described for the first and second label probes.
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[0155] The additional markers can be used in any of a
variety of ways. For example, the cell can comprise the third
nucleic acid target, and the first and/or second signal can be
normalized to the third signal. The methods can include
identifying the cell as being of the specified type based on
the normalized first and/or second signal, e.g., in embodi-
ments in which the target cell type is distinguishable from
the other cell type(s) in the mixture based on the copy
number of the first and/or second nucleic acid targets, rather
than purely on their presence in the target cell type and not
in the other cell type(s). Examples include cells detectable
based on a pattern of differential gene expression, CTC or
other tumor cells detectable by overexpression of one or
more specific mRNAs, and CTC or other tumor cells detect-
able by amplification or deletion of one or more specific
chromosomal regions.

[0156] As another example, the third nucleic acid target
can serve as a third redundant marker for the target cell type,
e.g., to improve specificity of the assay for the desired cell
type. Thus, in one class of embodiments, the methods
include correlating the third signal detected from the cell
with the presence, absence, or amount of the third nucleic
acid target in the cell, and identifying the cell as being of the
specified type based on detection of the presence, absence,
or amount of the first, second, and third nucleic acid targets
within the cell, wherein the specified type of cell is distin-
guishable from the other cell type(s) in the mixture on the
basis of either presence, absence, or amount of the first
nucleic acid target, presence, absence, or amount of the
second nucleic acid target, or presence, absence, or amount
of the third nucleic acid target in the cell.

[0157] As yet another example, the additional markers can
assist in identifying the cell type. For example, the presence,
absence, or amount of the first and third markers may suffice
to identify the cell type, as could the presence, absence, or
amount of the second and fourth markers; all four markers
could be detected to provide two redundant sets of markers
and therefore increased specificity of detection. As another
example, one or more additional markers can be used in
negative selection against undesired cell types; for example,
identity of a cell as a CTC can be further verified by the
absence from the cell of one or more markers present in
blood cells and not circulating tumor cells.

[0158] Detection of additional nucleic acid targets can also
provide further information useful in diagnosis, outcome
prediction or the like, regardless of whether the targets serve
as markers for the particular cell type. For example, addi-
tional nucleic acid targets can include markers for prolifer-
ating potential, apoptosis, or other metastatic, genetic, or
epigenetic changes.

[0159] Signals from the additional targets are optionally
normalized to a reference nucleic acid as described above.
Signal strength is optionally adjusted between targets
depending on their expected copy numbers, if desired.
Signals from the target nucleic acids in the cell are option-
ally compared to those from a reference cell, as noted above.

[0160] A nucleic acid target can be essentially any nucleic
acid that is desirably detected in the cell. For example, a
nucleic acid target can be a DNA, a chromosomal DNA, an
RNA, an mRNA, a microRNA, a ribosomal RNA, or the
like. The nucleic acid target can be a nucleic acid endog-
enous to the cell. As another example, the target can be a
nucleic acid introduced to or expressed in the cell by

Dec. 31, 2020

infection of the cell with a pathogen, for example, a viral or
bacterial genomic RNA or DNA, a plasmid, a viral or
bacterial mRNA, or the like.

[0161] The first and second (and/or optional third, fourth,
etc.) nucleic acid targets can be part of a single nucleic acid
molecule, or they can be separate molecules. Various advan-
tages and applications of both approaches are discussed in
greater detail below, e.g., in the section entitled “Implemen-
tation, applications, and advantages.” In one class of
embodiments, the first nucleic acid target is a first mRNA
and the second nucleic acid target is a second mRNA. In
another class of embodiments, the first nucleic acid target
comprises a first region of an mRNA and the second nucleic
acid target comprises a second region of the same mRNA. In
another class of embodiments, the first nucleic acid target
comprises a first chromosomal DNA polynucleotide
sequence and the second nucleic acid target comprises a
second chromosomal DNA polynucleotide sequence. The
first and second chromosomal DNA polynucleotide
sequences are optionally located on the same chromosome,
e.g., within the same gene, or on different chromosomes.
[0162] The methods can be applied to detection and iden-
tification of even rare cell types. For example, the ratio of
cells of the specified type to cells of all other type(s) in the
mixture is optionally less than 1:1x10% less than 1:1x10°,
less than 1:1x10°, less than 1:1x107, less than 1:1x10%, or
even less than 1:1x10°.

[0163] Essentially any type of cell that can be differenti-
ated based on suitable markers (or redundant regions of a
single marker, e.g., a single mRNA or amplified/deleted
chromosomal region) can be detected and identified using
the methods. As just a few examples, the cell can be a
circulating tumor cell, a virally infected cell, a fetal cell in
maternal blood, a bacterial cell or other microorganism in a
biological sample (e.g., blood or other body fluid), an
endothelial cell, precursor endothelial cell, or myocardial
cell in blood, stem cell, or T-cell. Rare cell types can be
enriched prior to performing the methods, if necessary, by
methods known in the art (e.g., lysis of red blood cells,
isolation of peripheral blood mononuclear cells, etc.).
[0164] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to source of sample, fixation and
permeabilization of the cell, washing the cell, denaturation
of double-stranded nucleic acids, type of labels, use of
optional blocking probes, detection of signals, detection
(and intensity measurement) of signals from the individual
cell by flow cytometry or microscopy, presence of the cell in
suspension or immobilized on a substrate, and/or the like.
Also, additional features described herein, e.g., in the sec-
tion entitled “Implementation, applications, and advan-
tages,” can be applied to the methods, as relevant.

[0165] In another aspect, detection of individual cells of a
specified type is performed as described above, but the first
and second nucleic acid targets need not be redundant
markers for that cell type. The nucleic acid targets can be
essentially any desired nucleic acids, including, for example,
redundant and/or non-redundant markers for the cell type.

Compositions and Kits

[0166] The invention also provides compositions useful in
practicing or produced by the methods. One exemplary class
of'embodiments provides a composition that includes a fixed
and permeabilized cell, which cell comprises or is suspected
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of comprising a first nucleic acid target and a second nucleic
acid target, at least a first capture probe capable of hybrid-
izing to the first nucleic acid target, at least a second capture
probe capable of hybridizing to the second nucleic acid
target, a first label probe comprising a first label, and a
second label probe comprising a second label. A first signal
from the first label is distinguishable from a second signal
from the second label. The cell optionally comprises the first
and second capture probes and label probes. The first and
second capture probes are optionally hybridized to their
respective nucleic acid targets in the cell.

[0167] The features described for the methods above for
indirect capture of the label probes to the nucleic acid targets
apply to these embodiments as well. For example, the label
probes can hybridize to the capture probes. In one class of
embodiments, the composition includes a single first capture
probe and a single second capture probe, where the first label
probe is capable of hybridizing to the first capture probe and
the second label probe is capable of hybridizing to the
second capture probe. In another class of embodiments, the
composition includes two or more first capture probes, two
or more second capture probes, a plurality of the first label
probes, and a plurality of the second label probes. A single
first label probe is capable of hybridizing to each of the first
capture probes, and a single second label probe is capable of
hybridizing to each of the second capture probes.

[0168] In another aspect, amplifiers can be employed to
increase the number of label probes captured to each target.
For example, in one class of embodiments, the composition
includes a single first capture probe, a single second capture
probe, a plurality of the first label probes, a plurality of the
second label probes, a first amplifier, and a second amplifier.
The first amplifier is capable of hybridizing to the first
capture probe and to the plurality of first label probes, and
the second amplifier is capable of hybridizing to the second
capture probe and to the plurality of second label probes. In
another class of embodiments, the composition includes two
or more first capture probes, two or more second capture
probes, a multiplicity of the first label probes, a multiplicity
of the second label probes, a first amplifier, and a second
amplifier. The first amplifier is capable of hybridizing to one
of the first capture probes and to a plurality of first label
probes, and the second amplifier is capable of hybridizing to
one of the second capture probes and to a plurality of second
label probes.

[0169] In another aspect, preamplifiers and amplifiers are
employed to capture the label probes to the targets. In one
class of embodiments, the composition includes a single first
capture probe, a single second capture probe, a multiplicity
of the first label probes, a multiplicity of the second label
probes, a plurality of first amplifiers, a plurality of second
amplifiers, a first preamplifier, and a second preamplifier.
The first preamplifier is capable of hybridizing to the first
capture probe and to the plurality of first amplifiers, and the
second preamplifier is capable of hybridizing to the second
capture probe and to the plurality of second amplifiers. The
first amplifier is capable of hybridizing to the first pream-
plifier and to a plurality of first label probes, and the second
amplifier is capable of hybridizing to the second preampli-
fier and to a plurality of second label probes. In a related
class of embodiments, the composition includes two or more
first capture probes, two or more second capture probes, a
multiplicity of the first label probes, a multiplicity of the
second label probes, a multiplicity of first amplifiers, a
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multiplicity of second amplifiers, a plurality of first pream-
plifiers, and a plurality of second preamplifiers. The first
preamplifier is capable of hybridizing to one of the first
capture probes and to a plurality of first amplifiers, the
second preamplifier is capable of hybridizing to one of the
second capture probes and to a plurality of second amplifi-
ers, the first amplifier is capable of hybridizing to the first
preamplifier and to a plurality of first label probes, and the
second amplifier is capable of hybridizing to the second
preamplifier and to a plurality of second label probes.
Optionally, additional preamplifiers can be used as interme-
diates between a preamplifier hybridized to the capture
probe(s) and the amplifiers.

[0170] In the above classes of embodiments, one capture
probe hybridizes to each label probe, amplifier, or pream-
plifier. In alternative classes of related embodiments, two or
more capture probes hybridize to the label probe, amplifier,
or preamplifier.

[0171] In one class of embodiments, the composition
comprises a plurality of the first label probes, a plurality of
the second label probes, a first amplified polynucleotide
produced by rolling circle amplification of a first circular
polynucleotide hybridized to the first capture probe, and a
second amplified polynucleotide produced by rolling circle
amplification of a second circular polynucleotide hybridized
to the second capture probe. The first circular polynucleotide
comprises at least one copy of a polynucleotide sequence
identical to a polynucleotide sequence in the first label
probe, and the first amplified polynucleotide comprises a
plurality of copies of a polynucleotide sequence comple-
mentary to the polynucleotide sequence in the first label
probe (and can thus hybridize to a plurality of the label
probes). The second circular polynucleotide comprises at
least one copy of a polynucleotide sequence identical to a
polynucleotide sequence in the second label probe, and the
second amplified polynucleotide comprises a plurality of
copies of a polynucleotide sequence complementary to the
polynucleotide sequence in the second label probe. The
composition can also include reagents necessary for produc-
ing the amplified polynucleotides, for example, an exog-
enously supplied nucleic acid polymerase, an exogenously
supplied nucleic acid ligase, and/or exogenously supplied
nucleoside triphosphates (e.g., dNTPs).

[0172] The cell optionally includes additional nucleic acid
targets, and the composition (and cell) can include reagents
for detecting these targets. For example, the cell can com-
prise or be suspected of comprising a third nucleic acid
target, and the composition can include at least a third
capture probe capable of hybridizing to the third nucleic acid
target and a third label probe comprising a third label. A third
signal from the third label is distinguishable from the first
and second signals. The cell optionally includes fourth, fifth,
sixth, etc. nucleic acid targets, and the composition option-
ally includes fourth, fifth, sixth, etc. label probes and capture
probes.

[0173] Essentially all of the features noted for the methods
above apply to these embodiments as well, as relevant; for
example, with respect to type of nucleic acid target, location
of various targets on a single molecule or on different
molecules, type of labels, inclusion of optional blocking
probes, and/or the like. For example, it is worth noting that
the second nucleic acid target optionally comprises a refer-
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ence nucleic acid. In other embodiments, the first and second
nucleic acid targets serve as markers for a specified cell type,
e.g., redundant markers.

[0174] The cell can be essentially any type of cell from
any source, particularly a cell that can be differentiated
based on its nucleic acid content (presence, absence, or copy
number of one or more nucleic acids). As just a few
examples, the cell can be a circulating tumor cell, a virally
infected cell, a fetal cell in maternal blood, a bacterial cell
or other microorganism in a biological sample (e.g., blood or
other body fluid), or an endothelial cell, precursor endothe-
lial cell, or myocardial cell in blood. For example, the cell
can be derived from a bodily fluid, blood, bone marrow,
sputum, urine, lymph node, stool, cervical pap smear, oral
swab or other swab or smear, spinal fluid, saliva, sputum,
semen, lymph fluid, an intercellular fluid, a tissue (e.g., a
tissue homogenate), a biopsy, and/or a tumor. The cell can be
derived from one or more, of a human, an animal, a plant,
and a cultured cell.

[0175] The cell can be present in a mixture of cells, for
example, a complex heterogeneous mixture. In one class of
embodiments, the cell is of a specified type, and the com-
position comprises one or more other types of cells. These
other cells can be present in excess, even large excess, of the
cell. For example, the ratio of cells of the specified type to
cells of all other type(s) in the composition is optionally less
than 1:1x10%, less than 1:1x10°, less than 1:1x105, less than
1:1x107, less than 1:1x108, or even less than 1:1x10°.
[0176] The cell is optionally immobilized on a substrate,
present in a tissue section, or the like. Preferably, however,
the cell is in suspension in the composition. The composition
can be contained in a flow cytometer or similar instrument.
Additional features described herein, e.g., in the section
entitled “implementation, applications, and advantages,”
can be applied to the compositions, as relevant.

[0177] Another aspect of the invention provides compo-
sitions in which a large number of labels are correlated with
each target nucleic acid. One general class of embodiments
thus provides a composition comprising a cell, which cell
includes a first nucleic acid target, a second nucleic acid
target, a first label whose presence in the cell is indicative of
the presence of the first nucleic acid target in the cell, and a
second label whose presence in the cell is indicative of the
presence of the second nucleic acid target in the cell,
wherein a first signal from the first label is distinguishable
from a second signal from the second label. An average of
at least one copy of the first label is present in the cell per
nucleotide of the first nucleic acid target over a region that
spans at least 20 contiguous nucleotides of the first nucleic
acid target, and an average of at least one copy of the second
label is present in the cell per nucleotide of the second
nucleic acid target over a region that spans at least 20
contiguous nucleotides of the second nucleic acid target.
[0178] In one class of embodiments, the copies of the first
label are physically associated with the first nucleic acid
target, and the copies of the second label are physically
associated with the second nucleic acid target. For example,
the first label can be part of a first label probe and the second
label part of a second label probe, where the label probes are
captured to the target nucleic acids.

[0179] In one class of embodiments, an average of at least
four, eight, or twelve copies of the first label are present in
the cell per nucleotide of the first nucleic acid target over a
region that spans at least 20 contiguous nucleotides of the
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first nucleic acid target, and an average of at least four, eight,
or twelve copies of the second label are present in the cell
per nucleotide of the second nucleic acid target over a region
that spans at least 20 contiguous nucleotides of the second
nucleic acid target. In one embodiment, an average of at
least sixteen copies of the first label are present in the cell per
nucleotide of the first nucleic acid target over a region that
spans at least 20 contiguous nucleotides of the first nucleic
acid target, and an average of at least sixteen copies of the
second label are present in the cell per nucleotide of the
second nucleic acid target over a region that spans at least 20
contiguous nucleotides of the second nucleic acid target.
[0180] Essentially all of the features noted for the embodi-
ments above apply to these embodiments as well, as rel-
evant, for example, with respect to type of labels, suspension
of'the cell, and/or the like. The regions of the first and second
nucleic acid targets are typically regions covered by a probe,
primer, or similar polynucleotide employed to detect the
respective target. The regions of the first and second nucleic
acid targets optionally span at least 25, 50, 100, 200, or more
contiguous nucleotides and/or at most 2000, 1000, 500, 200,
100, 50, or fewer nucleotides. A like density of labels is
optionally captured to third, fourth, fifth, sixth, etc. nucleic
acid targets. The composition optionally includes PCR prim-
ers, a thermostable polymerase, and/or the like, in embodi-
ments in which the targets are detected by multiplex in situ
PCR.

[0181] Another aspect of the invention provides kits useful
for practicing the methods. One general class of embodi-
ments provides a kit for detecting a first nucleic acid target
and a second nucleic acid target in an individual cell. The kit
includes at least one reagent for fixing and/or permeabilizing
the cell, at least a first capture probe capable of hybridizing
to the first nucleic acid target, at least a second capture probe
capable of hybridizing to the second nucleic acid target, a
first label probe comprising a first label, and a second label
probe comprising a second label, wherein a first signal from
the first label is distinguishable from a second signal from
the second label, packaged in one or more containers.
[0182] Essentially all of the features noted for the embodi-
ments above apply to these embodiments as well, as rel-
evant; for example, with respect to number of nucleic acid
targets, configuration and number of the label and capture
probes, inclusion of preamplifiers and/or amplifiers, inclu-
sion of blocking probes, inclusion of amplification reagents,
type of nucleic acid target, location of various targets on a
single molecule or on different molecules, type of labels,
inclusion of optional blocking probes, and/or the like. The
kit optionally also includes instructions for detecting the
nucleic acid targets in the cell and/or identifying the cell as
being of a specified type, one or more buffered solutions
(e.g., diluent, hybridization buffer, and/or wash buffer),
reference cell(s) comprising one or more of the nucleic acid
targets, and/or the like.

[0183] Another general class of embodiments provides a
kit for detecting an individual cell of a specified type from
a mixture of cell types by detecting a first nucleic acid target
and a second nucleic acid target. The kit includes at least one
reagent for fixing and/or permeabilizing the cell, a first label
probe comprising a first label (for detection of the first
nucleic acid target), and a second label probe comprising a
second label (for detection of the second nucleic acid target),
wherein a first signal from the first label is distinguishable
from a second signal from the second label, packaged in one
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or more containers. The specified type of cell is distinguish-
able from the other cell type(s) in the mixture by presence,
absence, or amount of the first nucleic acid target in the cell
or by presence, absence, or amount of the second nucleic
acid target in the cell (that is, the two targets are redundant
markers for the specified cell type).

[0184] Essentially all of the features noted for the embodi-
ments above apply to these embodiments as well, as rel-
evant; for example, with respect to number of nucleic acid
targets, inclusion of capture probes, configuration and num-
ber of the label and/or capture probes, inclusion of pream-
plifiers and/or amplifiers, inclusion of blocking probes,
inclusion of amplification reagents, type of nucleic acid
target, location of various targets on a single molecule or on
different molecules, type of labels, inclusion of optional
blocking probes, and/or the like. The kit optionally also
includes instructions for identifying the cell as being of the
specified type, one or more buffered solutions (e.g., diluent,
hybridization buffer, and/or wash buffer), reference cell(s)
comprising one or more of the nucleic acid targets, and/or
the like.

IMPLEMENTATION, APPLICATIONS, AND
ADVANTAGES

[0185] Various aspects of the invention are described in
additional detail below. Exemplary embodiments and appli-
cations are also described.

[0186] The new technology (methods, compositions, sys-
tems, and kits), QMAGEX (Quantitative Multiplex Analysis
of Gene Expression in Single Cell), disclosed herein is
capable of detection and quantification of multiple nucleic
acids within individual cells. The technology is significantly
different from existing ISH technology in several aspects,
although they both can measure mRNA expression in indi-
vidual cells. First, cells preferably remain in suspension
status during all or at least most of the assay steps in the
assays of the present invention, which greatly improves
assay hybridization kinetics, resulting in better reproducibil-
ity and shorter assay time. Second, the instant technology
has the capability for analyzing the expression of multiple
mRNA transcripts within cells simultaneously and quanti-
tatively. This is highly desirable, since, for example, detec-
tion of multiple tumor marker genes could greatly improve
the accuracy of CTC identification (Mocellin et al., 2004)
and greatly reduce the false positive rate. Quantitative
analysis of gene expression level could not only further aid
in discriminating the CTC from other types of cells but also
could help in distinguishing the type and source of primary
tumors as well as the stages of tumor progression. Third, the
instant technology enables the use of a flow cytometer as the
base for detection, which, compared with microscope-based
detection instruments, offers higher throughput. In addition,
the flow cytometer is capable of sorting out cells, e.g., tumor
cells, for further study. Subsequent to the detection and
quantification of mRNA expression, isolation of the CTC or
other cells may be advantageous for further identity confir-
mation or for additional cytological and molecular analysis.
Fourth, the instant technology has vastly improved detection
sensitivity and reproducibility, and is capable of single copy
gene detection and quantification. In addition, the instant
technology uses a standard, generic set of probe labeling and
detection technology (e.g., the same set of preamplifiers,
amplifiers, and label probes can be used to detect multiple
different sets of nucleic acid targets, requiring only synthesis
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of a new set of capture probes for each new set of nucleic
acid targets), and optionally uses standardized procedures
for cell fixation and permeation and for hybridization and
washing. Furthermore, the technology can include built-in
internal controls for assay specificity and efficiency.
[0187] The instant technology can be used not only for the
detection and enumeration of rare CTC in blood samples or
other body fluids, but also for any type of rare cell identi-
fication and enumeration events. Applications include, but
are not limited to: detection of minimal residual disease in
leukemia and lymphoma; recurrence monitoring after che-
motherapy treatment (Hess et al.); detection of other pre-
cancerous cells, such as the detection of HPV-containing
cervical cells in body fluids; detection of viral or bacterial
nucleic acid in an infected cell; detection of fetal cells in
maternal blood; detection of micro-tumor lesions during
early stage of tumor growth; or detection of residual tumor
cells after surgery for margin management. In all of these
cases, target cell specific gene expression is likely to be
buried in the background of large numbers of heterogeneous
cell populations. As a result, microarray or RT-PCR based
expression analysis, which require the isolation of mRNA
from a large population of cells, will have difficulty detect-
ing the presence of those rare cell events accurately or
reliably, whereas the invented technology can readily be
applied.

[0188] It should also be noted that although single cell
detection and quantification of multiple mRNA transcripts is
illustrated here as the main application, such technology is
equally applicable to detection of other rare cell events that
include changes in chromosomal DNA or cellular nucleic
acid content. Examples include, but are not limited to,
detection of her-2/neu gene amplification, detection of Rb
gene deletion, detection of somatic mutations, detection of
chromosome translation such as in chronic myelogenous
leukemia (BCR-ABL), or detection of HPV insertion to
chromosomal DNA of cervical cancer cells.

[0189] Finally, the probe design, multiplexing and ampli-
fication aspects of the instant technology can be applied in
quantitative, multiplex gene expression analysis and in
measuring chromosomal DNA changes at a single cell level
in solid tissue sections, such as formalin-fixed, paraffin
embedded (FFPE) tissue samples.

[0190] The QMAGEX technology comprises an assay and
optional associated apparatus to implement the assay in an
automated fashion. FIG. 1 illustrates major elements of the
QMAGEX assay work flow, which, for one exemplary
embodiment in which amplifiers are employed, include:
[0191] Fixation and Permeation: Cells in the sample are
fixed and permeated (permeabilized) in suspension. The
fixation step immobilizes nucleic acids (e.g., mRNA or
chromosomal DNA) and cross-links them to the cellular
structure. Then the cell membrane is permeabilized so that
target-specific nucleic acid probes and signal-generating
particles, such as fluorescently labeled nucleic acid probes,
can enter the cell and bind to the target.

[0192] Denaturation: If the detection target is double-
stranded chromosomal DNA, a denaturation step is added to
convert the double-stranded target into single-stranded
DNA, ready to be bound with the target-specific probes.
[0193] Capture Probe Hybridization: Carefully selected
target-specific capture probes or probe sets are hybridized to
the target nucleic acids. The capture probes serve to link the
target molecules specifically to signal-generating particles.
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The technology enables multiple target genes in the cell to
be recognized by different probe sets simultaneously and
with a high degree of specificity.

[0194] Signal Amplification: Signals from target mol-
ecules are amplified by binding a large scaffold molecule, an
amplifier, to the capture probes or probe sets. Each scaffold
has multiple locations to accept label probes and signal-
generating particles. In a multiplex assay, multiple distinct
amplifiers are used.

[0195] Labeling: Label probes, to which signal generating
particles (labels) are attached, hybridize to the amplifier in
this step. In a multiplex assay, multiple distinct label probes
are used.

[0196] Washing: The excess probes or signal generating
particles that are not bound or that are nonspecifically bound
to the cells are removed through a washing step, which
reduces background noise and improves the detection signal
to noise ratio. Additional washing steps may be added during
the capture probe hybridization or signal amplification steps
to further enhance the assay performance.

[0197] Detection: The labeled suspension cells are
detected using Fluorescent Activated Cell Sorting (FACS) or
a flow cytometer, or are immobilized on a solid surface and
detected using a microscope or scanner based instrument.
[0198] In the following section, major elements of the
QMAGEX technology will be described in detail. In the
following, the term label probe refers to an entity that binds
to the target molecule, directly or indirectly, and enables the
target to be detected by a readout instrument. The label
probe, in general, comprises a nucleic acid or modified
nucleic acid molecule that binds to the target, directly or
indirectly, and one or more “signal generating particle” (i.e.,
label) that produces the signal recognizable by the readout
instrument. In indirect mode, the label probe can either be
attached to the target molecule through binding to a capture
probe directly or through binding to an amplifier that is in
turn linked to a capture probe. Exemplary signal-generating
particles (labels) include, but are not limited to, fluorescent
molecules, nano-particles, radioactive isotopes, chemilumi-
nescent molecules (e.g., digoxigenin, dinitrophenyl). Fluo-
rescent molecules include, but are not limited to, fluorescein
(FITC), cy3, cyS5, alexa dyes, phycoerythrin, etc. Nano-
particles include, but are not limited to, fluorescent quantum
dots, scattering panicles, etc. The term capture probe refers
to a nucleic acid or a modified nucleic acid that links the
target to a specific type of label probe, directly or indirectly.
The term “capture probe set” refers to multiple nucleic acids
or modified nucleic acids that link a target to a specific type
of label probe, directly or indirectly, for increased assay
sensitivity. The term amplifier refers to a large scaffold
molecule(s) that binds to one or more capture probes or to
a preamplifier on one side and to multiple label probes on
another side.

Fixation

[0199] In this step, the nucleic acids are immobilized
within cells by cross-linking them within the cellular struc-
ture. There are a variety of well known methods to fix cells
in suspension with a fixative reagent and to block the
endogenous RNase activities, which can be adapted for use
in the present invention. Fixative reagents include formalin
(formaldehyde), paraformaldehyde, glutaraldehyde, ethanol,
methanol, etc. One common fixative solution for tissue
sections includes 0.25% glutaraldehyde and 4% paraform-

Dec. 31, 2020

aldehyde in phosphate buffer. Another common fixative
solution for tissue sections includes 50% ethanol, 10%
formalin (containing 37% formaldehyde), and 5% acetic
acid. Different combinations of the fixative reagents at
various concentrations are optionally tested to find the
optimal composition for fixing cells in suspension, using
techniques well known in the art. Duration of the fixing
treatment can also be optimized. A number of different
RNase inhibitors can be included in the fixative solution,
such as RNAlater (Ambion), citric acid or LiCl, etc.

Permeation

[0200] Fixation results in cross-linking of the target
nucleic acids with proteins or other cellular components
within cells, which may hinder or prevent infiltration of the
capture probes into the cells and mask the target molecules
for hybridization. The assays of the invention thus typically
include a follow-on permeation step to enable in-cell hybrid-
ization. One technique involves the application of heat for
varying lengths of time to break the cross-linking. This has
been demonstrated to increase the accessibility of the
mRNA in the cells for hybridization. Detergents (e.g., Triton
X-100 or SDS) and Proteinase K can also be used to increase
the permeability of the fixed cells. Detergent treatment,
usually with Triton X-100 or SDS, is frequently used to
permeate the membranes by extracting the lipids. Proteinase
K is a nonspecific protease that is active over a wide pH
range and is not easily inactivated. It is used to digest
proteins that surround the target mRNA. Again, optimal
concentrations and duration of treatment can be experimen-
tally determined as is well known in the art. A cell washing
step can follow, to remove the dissolved materials produced
in the permeation step.

[0201] Optionally, prior to fixation and permeation, cells
in suspension are collected and treated to inactivate RNase
and/or to reduce autofluorescence. DEPC treatment (e.g.
Braissant and Wahli (1988) “A simplified in situ hybridiza-
tion protocol using non-radioactively labeled probes to
detect abundant and rare mRNAs on tissue sections” Bio-
chemica 1:10-16) and RNAlater (Ambion, Inc.) have been
demonstrated to be effective in stabilizing and protecting
cellular RNA. Sodium borohydride and high heat have also
been shown to preserve the integrity of RNA and to reduce
autofluorescence, facilitating the detection of genes
expressed at a low level (Capodieci et al. (2005) “Gene
expression profiling in single cells within tissue” Nat Meth-
ods 2(9):663-5). Other methods of reducing cellular auto-
fluorescence such as trypan blue (Mosiman et al. (1997)
“Reducing cellular autofluorescence in flow cytometry: an in
situ method” Cytometry 30(3):151-6) or singly labeled
quencher oligonucleotide probe (Nolan et al. (2003) “A
simple quenching method for fluorescence background
reduction and its application to the direct, quantitative
detection of specific mRNA” Anal Chem. 2003 75(22):
6236-43) are optionally employed.

Capture Probe Hybridization

[0202] In this assay step, the capture probe or capture
probe set binds to the intended target molecule by hybrid-
ization. One indicator for a successful target hybridization is
specificity, i.e. the capture probes or probe sets should
substantially only link the label probes to the specific target
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molecule of interest, not to any other molecules. Probe
selection and design are important in achieving specific
hybridization.

[0203] Probe Selection and Design

[0204] The assays of the invention employ two types of
approaches in probe design to link the target nucleic acids in
cells to signal generating particles: “direct labeling” and
“indirect labeling”. In the direct labeling approach, the target
molecule hybridizes to or captures one or more label probes
(LP) directly. The LPs contain the signal-generating par-
ticles (SGP), as shown in FIG. 2. A different LP needs to be
used to attach additional SGP at different positions on the
target molecule. In order to ensure hybridization specificity,
the label probe is preferably stringently selected to ensure
that it does not cross-hybridize with nonspecific nucleic acid
sequences.

[0205] In the indirect labeling approach, an additional
capture probe (CP) is employed. An example is shown in
FIG. 3. The target molecule captures the label probe through
the capture probe. In each capture probe, there is at least one
section, T, complementary to a section on the target mol-
ecule, and another section, L, complementary to a section on
the label probe. The T and L sections are connected by a
section C. To attach mote SGPs to different positions on the
same target molecule, different capture probes are needed,
but the label probe can remain the same. The sequence of L
is carefully selected to ensure that it does not cross-hybridize
substantially with any sequences in the nucleic acids in cells.
In a further embodiment, the L. portion of the capture probe
and the label probe contain chemically modified or nonnatu-
ral nucleotides that do not hybridize with natural nucleotides
in cells. In another embodiment, [ and the label probe (or a
portion thereof) are not even nucleic acid sequences. For
example, L. can be a weak affinity binding antibody that
recognizes the signal generating probe, which in this case is
or includes an antigen; L. can be covalently conjugated to an
oligonucleotide that comprises the T section of the capture
probe. Optionally, for two adjacent capture probes, the T
sections hybridize to the target and two of the low affinity
binding antibody binds to the antigen on the label probe at
the same time, which results in strong affinity binding of the
antigen. The capture and label probes are specific for a target
gene of interest. Multiple capture probes (probe set) can be
bound to the same target gene of interest in order to attach
more signal generating particles for higher detection sensi-
tivity. In this situation, the probe set for the same target gene
can share the same label probe.

[0206] Although both approaches can be used in the
instant technology, the indirect capture approach is preferred
because it enables the label probe to be target independent
and further disclosure will show that it can offer better
specificity and sensitivity.

[0207] In a further indirect capture embodiment shown in
FIG. 4, two adjacent capture probes are incorporated in a
probe set targeting a gene of interest. T, and T, are designed
to be complementary to two unique and adjacent sections on
the target nucleic acid. L, and L,, which can be different or
the same, are complementary to two adjacent sections on the
label probe. Their binding sections, T, L or both, are
designed so that the linkage between the label probe and the
target is unstable and tends to fall off at hybridization
temperature when only one of the capture probes is in place.
Such a design should enable exceptional specificity because
the signal-generating label probe can only be attached to the
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target gene of interest when two independent capture probes
both recognize the target and bind to the adjacent sequences
or in very close proximity of the target gene. In a further
embodiment, the melting temperature, T,,, of the T sections
of the two capture probes are designed to be significantly
above the hybridization temperature while the T,, of the L
sections is below the hybridization temperature. As a result,
T sections bind to the target molecule strongly and stably
during hybridization, while L. sections bind to the label
probe weakly and unstably if only one of the capture probes
is present. However, if both capture probes are present, the
combination of L; and L, holds the label probe strongly and
stably during hybridization. In another embodiment, T,, of
the T sections is below hybridization temperature while T,
of'the L sections is substantially above. In the same way, the
linkage between the label probe and the target can only
survive the hybridization when both capture probes are
hybridized to the target in a cooperative fashion.

[0208] In another embodiment, three or more of the target
nucleic acid specific, neighboring capture probes are used
for the stable capture of one label probe within cells (FIG.
5). The basic design of the probes is the same as discussed
above, but the capture of one signal-generating probe should
have even higher specificity than when two neighboring
probes are used since now three independent probes have to
bind to the same target molecule of interest in neighboring
positions in order to generate signal.

[0209] Multiplexing

[0210] To perform multiplexed detection for more than
one target gene, e.g., as shown in FIG. 6, each target gene
has to be specifically bound by different capture and label
probes. In addition, the signal generating particle (the label)
attached to the label probe should provide distinctively
different signals for each target that can be read by the
detection instrument. In the direct labeling approach (e.g.,
FIG. 6A), suitable label probes with minimal cross-hybrid-
ization can be harder to find because each label probe has to
be able to bind to the target strongly but not cross-hybridize
to any other nucleic acid molecules in the system. For this
approach to provide optimal results, the target binding
portion of the label probe should be judiciously designed so
that it does not substantially cross-hybridize with nonspe-
cific sequences. In the indirect labeling approach (e.g., FIG.
6B), because of the unique multiple capture probe design
approach, even when one capture probe binds to a nonspe-
cific target, it will not result in the binding of the label probe
to the nonspecific target. The assay specificity can be greatly
improved. Thus the capture probe design illustrated in FIG.
4 and FIG. 5 is typically preferred in some multiplex assay
applications. In one class of embodiments, the signal-gen-
erating particles attached to different target genes are dif-
ferent fluorescent molecules with distinctive emission spec-
tra.

[0211] The capacity of the instant technology to measure
more than one parameter simultaneously can enable detec-
tion of rare cells in a large heterogeneous cell population. As
noted above, the concentration of CTC is estimated to be in
the range of one tumor cell among every 10°-107 normal
blood cells. In existing FACS based immunoassays, on the
other hand, random dye aggregation in cells may produce
one false positive cell count in every ten thousand cells.
Such an assay can thus not be used for CTC detection due
to the unacceptably high false positive rates. This problem
can be solved elegantly using the instant technology. In one
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particular embodiment, expression of more than one tumor
genes are used as the targets for multiplex detection. Only
cells that express all the target genes are counted as tumor
cells. In this way, the false positive rate of the CTC detection
can be dramatically reduced. For example, since dye aggre-
gation in cells is a random event, if the false positive rate of
a single color detection is 10*, the false positive rate for two
color or three color detection can be as low as 1072 or 1072,
respectively. In situations where the relative levels of
expression of the target genes are known, these relative
levels can be measured using the multiplex detection meth-
ods disclosed herein and the information can be used to
further reduce the false positive rate of the detection.

[0212] In another embodiment, schematically illustrated
in FIG. 7A, more than one signal-generating particles are
linked to the same target nucleic acid. These panicles
generate distinct signals in the detection instrument. The
relative strengths of these signals can be pre-determined by
designing the number of each type of particles attached to
the target. The number of signal-generating particles on a
target can be controlled in probe design by changing the
number of probe sets or employing different signal ampli-
fication methods, e.g., as described in the following section.
The rare cells are identified only when the relative signal
strengths of these particles measured by the detection instru-
ment equal the pre-determined values. This embodiment is
useful when there are not enough suitable markers or when
their expression levels are unknown in a particular type of
rare cells. In yet another embodiment, shown in FIG. 7B, the
same set of signal-generating particles are attached to more
than one target. The relative signal strengths of the particle
set are controlled to be the same on all selected targets. This
embodiment is useful in situations in which the rare cell is
identified when any of the target molecules are present. In
yet another embodiment, depicted in FIG. 7C, each target
molecule has a set of signal generating particles attached to
it, but the particle sets are distinctively different from target
to target.

[0213] The detection of multiple target nucleic acid spe-
cies of interest can be applied to quantitative measurement
of one target. Due to different sample and experimental
conditions, the abundance of a particular target molecule in
a cell normally cannot be determined precisely through the
detection of the signal level associated with the target.
However, more precise measurement can be accomplished
by normalizing the signal of a gene of interest to that of a
reference/housekeeping gene. A reference/housekeeping
gene is defined as a gene that is generally always present or
expressed in cells. The expression of the reference/house-
keeping gene is generally constitutive and tends not to
change under different biological conditions. 18S, 28S,
GAPD, ACTB, PPIB etc. have generally been considered as
reference or housekeeping genes, and they have been used
in normalizing gene expression data generated from differ-
ent samples and/or under varying assay conditions.

[0214] In another embodiment, a special label probe set
can be designed that does not bind to any capture probe or
target specifically. The signal associated to this label probe
can be used to establish the background of hybridization
signal in individual cells. Thus the abundance of a particular
target molecule can be quantitatively determined by first
subtracting the background hybridization signal, then nor-
malizing against the background subtracted reference/
housekeeping gene hybridization signal.
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[0215] In yet another embodiment, two or more chromo-
somal DNA sequences of interest can be detected simulta-
neously in cells. In the detection of multiple DNA sequences
in cells, the label probes for the DNA sequences are distinct
from each other and they do not cross-hybridize with each
other. In embodiments in which cooperative indirect capture
is employed, because of the design scheme, even when one
probe binds to a nonspecific DNA sequence, it will not result
in the capture of the signal-generating probe to the nonspe-
cific DNA sequences.

[0216] In yet another embodiment, the detection of mul-
tiple target chromosomal DNA sequences of interest enables
quantitative analysis of gene amplification, gene deletion, or
gene translocations in single cells. This is accomplished by
normalizing the signal of a gene of interest to that of a
reference gene. The signal ratio of the gene of interest to the
reference gene for a particular cell of interest is compared
with the ratio in reference cells. A reference gene is defined
as a gene that stably maintains its copy numbers in the
genomic DNA. A reference cell is defined as a cell that
contains the normal copy number of the gene of interest and
the reference gene. If the signal ratio is higher in the cells of
interest in comparison to the reference cells, gene amplifi-
cation is detected. If the ratio is lower in the cells of interest
in comparison to the reference cells, then gene deletion is
detected.

Signal Amplification & Labeling

[0217] The direct labeling approach depicted in FIG. 2 and
FIG. 6A offers only limited sensitivity because only a
relatively small number of signal-generating particles (la-
bels) can be attached to each label probe. One way to
increase sensitivity is to use in vitro transcribed RNA that
incorporates signal-generating panicles, but specificity will
suffer as a result.

[0218] The “indirect labeling” approach not only can
improve specificity as described above but also can be used
to improve the detection sensitivity. In this approach, the
label probe is hybridized or connected to an amplifier
molecule, which provides many more attachment locations
for label probes. The structure and attachment method of the
amplifier can take many forms. FIGS. 8A-8D show a
number of amplification schemes as illustrative examples. In
FIG. 8A, multiple singly-labeled label probes bind to the
amplifier. In FIG. 8B, multiple multiply-labeled label probes
bind to the amplifier. In FIG. 8C, multiple singly-labeled
label probes bind to the amplifier, and multiple copies of the
amplifier are bound to a preamplifier. In one particular
embodiment, the amplifier is one or multiple branched DNA
molecules (FIG. 8D). The sequence of the label probe is
preferably selected carefully so that it does not substantially
cross-hybridize with any endogenous nucleic acids in the
cell. In fact, the label probe does not have to be a natural
polynucleotide molecule. Chemical modification of the mol-
ecule, for example, inclusion of nonnatural nucleotides, can
ensure that the label probe only hybridizes to the amplifier
and not to nucleic acid molecules naturally occurring in the
cells. In multiplex assays, distinct amplifiers and label
probes will be designed and used for the different targets.
[0219] In one embodiment, as schematically illustrated in
FIGS. 9A-9C, a circular polynucleotide molecule is captured
by the capture probe set. Along the circle, there can be one
sequence or more than one repeat of the same sequence that
binds to label probe (FIG. 9A). In the signal amplification
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step of the assay, a rolling circle amplification procedure
(Larsson et al, 2004) is carried out. As the result of this
procedure, a long chain polynucleotide molecule attached to
the capture probes is produced (FIG. 9B). There are many
repeating sequences along the chain, on which label probes
can be attached by hybridization (FIG. 9C). In multiplex
assays, distinct capture probes, rolling circles, and label
probes will be designed and used.

[0220] In one embodiment, a portion of the signal-gener-
ating probe can be PCR-amplified. In another embodiment,
each portion of multiple signal-generating probes can be
PCR-amplified simultaneously.

[0221] Although a specific capture approach (indirect
labeling with capture probe pairs) has been used to illustrate
the labeling and amplification schemes in FIGS. 8 A-8D and
FIGS. 9A-9C, it is important to note that any other probe
capture approaches, direct or indirect, described in previous
sections can be used in combination with the labeling and
amplification schemes described in these sections. The cap-
ture probe, labeling methods, and amplifier configurations
described above are independent of each other and can be
used in any combination in a particular assay design.

Hybridization Conditions

[0222] The composition of the hybridization solution can
affect efficiency of the hybridization process. Hybridization
typically depends on the ability of the oligonucleotide to
anneal to a complementary mRNA strand below its melting
point (T,,). The value of the T,, is the temperature at which
half of the oligonucleotide duplex is present in a single
stranded form. The factors that influence the hybridization of
the oligonucleotide probes to the target nucleic acids can
include temperature, pH, monovalent cation concentration,
presence of organic solvents, etc. A typical hybridization
solution can contain some or all of the following reagents,
e.g., dextran sulfate, formamide, DTT (dithiothreitol), SSC
(NaCl plus sodium citrate), EDTA, etc. Other components
can also be added to decrease the chance of nonspecific
binding of the oligonucleotide probes, including, e.g.,
single-stranded DMA, tRNA acting as a carrier RNA,
polyA, Denhardt’s solution, etc. Exemplary hybridization
conditions can be found in the art and/or determined empiri-
cally as well known in the art. See, e.g., U.S. patent
application publication 2002/0172950, Player et al. (2001) J.
Histochem. Cytochem. 49:603-611, and Kenny et al. (2002)
J. Histochem. Cytochem. 50:1219-1227, which also
describe fixation, permeabilization, and washing.

[0223] An additional prehybridization is optionally carried
out to reduce background staining. Prehybridization
involves incubating the fixed tissue or cells with a solution
that is composed of all the elements of the hybridization
solution, minus the probe.

Washing

[0224] Following the labeling step, the cells are preferably
washed to remove unbound probes or probes which have
loosely bound to imperfectly matched sequences. Washing is
generally started with a low stringency wash buffer such as
2xSSC+1 mM EDTA (IxSSC is 0.15M NaCl, 0.015M
Na-citrate), then followed by washing with higher strin-
gency wash buffer such as 0.2xSSC+1 mM EDTA or 0.1x
SSC+1 mM EDTA.
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[0225] Washing is important in reducing background
noise, improving signal to noise ratio of and quantification
with the assay. Established washing procedures can be
found, e.g., in Bauman and Bentvelzen (1988) “Flow cyto-
metric detection of ribosomal RNA in suspended cells by
fluorescent in situ hybridization” Cytometry 9(6):517-24
and Yu et al. (1992) “Sensitive detection of RNAs in single
cells by flow cytometry” Nucleic Acids Res. 20(1):83-8.
[0226] Washing can be accomplished by executing a suit-
able number of washing cycles, i.e., one or more. Each cycle
in general includes the following steps: mixing the cells with
a suitable buffer solution, detaching non-specifically bound
materials from the cells, and removing the buffer together
with the waste. Each step is described in more detail below.
[0227] Mix the cells with wash buffer: In some assays, the
cells are immobilized on the surface of a substrate before
being washed. In such cases, the washing buffer is mixed
together with the substrate surface. In many other embodi-
ments, the cells to be washed are free-floating. The washing
buffer is added to cell pellets or to the solution in which the
cells are floating.

[0228] Detach non-specifically bound materials from
cells: Any of a number of techniques can be employed here
to reduce nonspecific binding after cell permeability treat-
ment and probe hybridization to encourage non-specifically
bound probes to detach from the cells and dissolve into the
wash buffer. These include raising the temperature to some-
where just below the melting temperature of the specifically
bound probes and employing agitation using a magnetic or
mechanical stirrer or perturbation with sonic or ultrasonic
waves. Agitation of the mixture can also be achieved by
shaking the container with a rocking or vortex motion.
[0229] Remove buffer together with waste: Any conve-
nient method can be employed to separate and remove the
washing buffer and waste from the target cells in the sample.
For example, the floating cells or substrates that the cells
bound to are separated from the buffer and waste through
centrifugation. After the spin, the cells or substrates form a
pellet at the bottom of the container. The buffer and waste
are decanted from the top.

[0230] As another example, the mixture is optionally
transferred to (or formed in) a container the bottom of which
is made of a porous membrane. The pore size of the
membrane is chosen to be smaller than the target cells or the
substrates that the cells are bound to but large enough to
allow for debris and other waste materials to pass through.
To remove the waste, the air or liquid pressure is optionally
adjusted such that the pressure is higher inside the container
than outside, thus driving the buffer and waste out of the
container while the membrane retains the target cells inside.
The waste can also be removed, e.g., by filtering the buffer
and waste through the membrane driven by the force of
gravity or by centrifugal force.

[0231] As yet another example, the cells can be immobi-
lized on the surface of a large substrate, for example, a slide
or the bottom of a container, through cell fixing or affinity
attachment utilizing surface proteins. The buffer and waste
can be removed directly by either using a vacuum to decant
from the top or by turning the container upside down. As yet
another example, the cells are optionally immobilized on
magnetic beads, e.g., by either chemical fixing or surface
protein affinity attachment. The beads can then be immobi-
lized on the container by attaching a magnetic field on the
container. The buffer and waste can then be removed directly
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without the loss of cells the same way as described in the
previous example. As yet another example, the nonspecifi-
cally bound probes within cells are induced to migrate out of
the cells by electrophoretic methods while the specifically
hound probes remain.

[0232] As stated before, a washing cycle is completed by
conducting each of the three steps above, and the washing
procedure is accomplished by executing one or more (e.g.,
several) such washing cycles. Different washing buffers,
detachment, or waste removal techniques may be used in
different washing cycles.

Detection

[0233] In the instant technology, the target cells that have
signal-generating particles (labels) specifically hybridized to
nucleic acid targets in them can be identified out of a large
heterogeneous population after non-specifically bound
probes and other wastes are removed through washing.
Essentially any convenient method for the detection and
identification can be employed.

[0234] Inone embodiment, the suspension cells are immo-
bilized onto a solid substrate after the labeling or washing
step described above. The detection can be achieved using
microscope based instruments. Specifically, in cases where
the signal generated by the probes is chemiluminescent
light, an imaging microscope with a CCD camera or a
scanning microscope can be used to convert the light signal
into digital information. In cases where the probe carries a
label emitting a fluorescent signal, a fluorescent imaging or
scanning microscope based instrument can be used for
detection. In addition, since the target cells are, in general,
rare among a large cell population, automatic event finding
algorithms can be used to automatically identify and count
the number of target cells in the population. Cells in sus-
pension can be immobilized onto solid surfaces by any of a
number of techniques. In one embodiment, a container with
large flat bottom surface is used to hold the solution with the
suspended cells. The container is then centrifuged to force
the floating cells to settle on the bottom. If the surface is
sufficiently large in comparison to the concentration of cells
in the solution, cells are not likely to overlap on the bottom
surface. In most cases, even if the cells overlap, the target
cells will not because they are relatively rare in a large
population. In another embodiment, suspended cells are
cytospun onto a flat surface. After removal of fluids, the cells
are immobilized on the surface by surface tension.

[0235] In preferred embodiments of this invention, cells
are floating (in suspension) or are immobilized on floating
substrates, such as beads, so that pre-detection procedures,
such as hybridization and washing, can be carried out
efficiently in solution. There are several methods to detect
rare target cells out of a large floating cell population. The
preferred method is to use a detection system based on the
concept of flow cytometry, where the floating cells or
substrates are streamlined and pass in front of excitation and
detection optics one by one. The target cells are identified
through the optical signal emitted by the probes specifically
bound to the nucleic acid targets in the cells. The optical
signal can, e.g., be luminescent light or fluorescent light of
a specific wavelength.

Advantages

[0236] In summary, the instant QMAGEX technology has
a number of unique elements that enable multiplex nucleic
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acid detection in single cells and detection of target cells.
These elements include the following.

[0237] Nucleic acid molecules immobilized inside cells
are used as markers for the identification of CTC (or other
cell types). Compared with protein based markers, nucleic
acids are more stable, widely available, and provide better
signal to noise ratio in detection. In addition, the detection
technique can be readily applied to a wide range of tumors
or even other applications related to cell identification or
classification. As another advantage, nucleic acid molecules
are quantifiably measured at an individual cell level, instead
of in a mixed cell population. This feature ensures that the
cell as a key functional unit in the biological system is
preserved for study. In many applications involving a mixed
population of cells, this feature can be very useful in
extracting real, useful information out of the assay. (For
example, a CTC can be identified based on detection of the
presence or expression level(s) of a set of nucleic acid
marker(s) in the cell; the presence or copy number of
additional nucleic acids in the cell can then provide addi-
tional information useful in diagnosis, predicting outcome,
or the like.)

[0238] Cells optionally remain in suspension or in pellets
that can be re-suspended in all steps of the assay before final
detection. This feature significantly improves assay kinetics,
simplifies the process, enhances the reproducibility, and
keeps the cell in its most functional relevant status. On the
other hand, significant aspects of the invention, including
probe selection and design, multiplexing, amplification and
labeling, can be applied directly to in situ hybridization
technique for the detection and enumeration of rare cells in
tissue samples.

[0239] A unique indirect capture probe design approach is
optionally employed to achieve exceptional target hybrid-
ization specificity, which results in better signal to noise
ratio in detection.

[0240] The assays enable the detection of multiple target
genes or multiple parameters on the same gene simultane-
ously. This feature benefits the detection of rare cells such as
CTC in a number of ways. First, it can reduce the false
positive rate, which is essential in cancer diagnostics. Sec-
ond, it can provide additional, clinically important informa-
tion related to the detected tumor cell, which may include
the progression stage and/or original type and source of the
primary tumor.

[0241] The invented technology incorporates a signal
amplification scheme, which boosts the detection sensitivity
and enables the detection of rare cells among a large number
of normal cells with high confidence.

[0242] Detection can be implemented on FACS or flow
cytometer based instruments or on microscope based plat-
forms. The former can be fully automated and provides fast
detection and the additional benefit of sorting out identified
cells for further study, if desired. The latter platform is more
widely available and has the benefit of allowing final manual
identification through morphology.

Systems

[0243] In one aspect, the invention provides systems and
apparatus configured to carry out the procedures of the novel
assays. The apparatus or system comprises one or more (and
preferably all) of at least the following elements.

[0244] Fluid handling: The apparatus optionally includes a
subsystem that can add reagents, and if required by the
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assay, decant fluids from the sample container (e.g., a
removable or fixed, disposable or reusable container, for
example a sample tube, multiwell plate, or the like). The
subsystem can be based on a pipette style fluid transfer
system where different fluids are handled by one pump head
with disposable tips. As an alternative example, each reagent
may have its own dedicated fluid channel.

[0245] Mixing and agitation: The apparatus optionally
includes a device to mix different reagents in the sample
solution and encourage any non-specifically bound material
to detach from the cells. The device may have a mechanism
to introduce a vortex or rocking motion to the holder of the
sample container or to couple sound or ultrasound to the
container. Alternatively, a magnetic stirrer can be put into the
sample container and be driven by rotating magnetic field
produced by an element installed in a holder for the con-
tainer.

[0246] Temperature control: The temperature of the
sample can be controlled to a level above the room tem-
perature by installing a heater and a temperature probe to the
chamber that holds the sample container. A peltier device
can be used to control the temperature to a level above or
below ambient. Temperature control is important, e.g., for
performance of the hybridization and washing procedures in
the assays.

[0247] Cell and waste fluid separation: The apparatus
optionally includes a device that can remove waste fluid
from the sample mixture while retaining cells for further
analysis. The device may comprise a sample container that
has a porous membrane as its bottom. The pore size of the
membrane is smaller than the cells but larger than the waste
material in the mixed solution. The space below the mem-
brane can be sealed and connected to a vacuum pump. As an
alternative example, the space above the membrane can be
sealed and connected to a positive pressure source. In a
different embodiment, the device can comprise a centrifuge.
The container with the membrane bottom is loaded into the
centrifuge, which spins to force the waste solution to filter
out through the membrane. In another configuration of this
device, the sample container has a solid bottom. Cells
deposit at the bottom after centrifugation, and the waste
solution is decanted from the top by the fluid handling
subsystem described above.

[0248] This device can also perform a function that pre-
pares the sample for final readout. In embodiments where
the readout is by microscopy, the cells are typically depos-
ited and attached to a flat surface. A centrifuge in the device
can achieve this if the bottom of the container is flat. In
another approach, a flat plate can spin within its plane, and
the system can employ the fluid handling device to drop the
solution containing the cells at the center of the spin. The
cells will be evenly spun on the plate surface.

[0249] Detection: The detection element of the invented
apparatus can be integrated with the rest of the system, or
alternatively it can be separate from the rest of the subsys-
tems described above. In one embodiment, the readout
device is based on a microscope, which may be an imaging
or scanning microscope. In another embodiment, the device
is based on a fluorescent imaging or scanning microscope
with multiple excitation and readout wavelengths for differ-
ent probes. In a preferred embodiment, the readout device is
based on flow cytometry. The cytometry approach is pre-
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ferred because it can read floating cells directly out of fluid
at multiple wavelengths thus greatly improving the effi-
ciency of the assay.

[0250] All of the above elements can be integrated into
one instrument. Alternatively, these clements may be
included in a number of instruments, which work together as
a system to perform the assay. FIG. 10 illustrates one
particular exemplary embodiment of the instrument configu-
ration. In this particular configuration, the sample is held in
a container (sample test tube) with a membrane bottom.
Reagents are added from the top of the tube using a pump
through a multiport valve. Waste is removed from bottom by
vacuum. The holder for the sample container is fixed on an
agitation table and the space around the sample is tempera-
ture controlled (temp controlled zone) by the temperature
controller. The fluid handling element can introduce
reagents (fixation and permeation reagents, hybridization
buffer, probes sets, and wash buffer) into the sample tube,
remove waste into a waste container, and feed cells to a flow
cytometer for detection.

[0251] One class of embodiments provides a system com-
prising a holder configured to accept a sample container; a
temperature controller configured to maintain the sample
container at a selected temperature (e.g., a temperature
selected by a user of the system or a preset temperature,
different temperatures are optionally selected for different
steps in an assay procedure); a fluid handling element fluidly
connected to the sample container and configured to add
fluid to and/or remove fluid from the sample container; a
mixing element configured to mix (e.g., stir or agitate)
contents of the sample container; and a detector for detecting
one or more signals from within individual cells, wherein the
detector is optionally fluidly connected to the sample con-
tainer. One of more fluid reservoirs (e.g., for fixation or
permeabilization reagents, wash buffer, probe sets, and/or
waste) are optionally fluidly connected to the sample con-
tainer.

[0252] A system of the invention optionally includes a
computer. The computer can include appropriate software
for receiving user instructions, either in the form of user
input into a set of parameter fields, e.g., in a GUI, or in the
form of preprogrammed instructions, e.g., preprogrammed
for a variety of different specific operations. The software
optionally converts these instructions to appropriate lan-
guage for controlling the operation of components of the
system (e.g., for controlling a fluid handling element and/or
laser). The computer can also receive data from other
components of the system, e.g., from a detector, and can
interpret the data, provide it to a user in a human readable
format, or use that data to initiate further operations, in
accordance with any programming by the user.

Nucleic Acid Targets

[0253] As noted, a nucleic acid target can be essentially
any nucleic acid that is desirably detected in a cell. Choice
of targets will obviously depend on the desired application,
e.g., expression analysis, disease diagnosis, staging, or prog-
nosis, target identification or validation, pathway analysis,
drug screening, drug efficacy studies, or any of many other
applications. Large numbers of suitable targets have been
described in the art, and many more can be identified using
standard techniques.

[0254] For detection of CTC, as just one example, a
variety of suitable nucleic acid targets are known. For
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example, a multiplex panel of markers for CTC detection
could include one or more of the following markers: epi-
thelial cell-specific (e.g. CK19, Mucl, EpCAM), blood
cell-specific as negative selection (e.g. CD45), tumor origin-
specific (e.g. PSA, PSMA, HPN for prostate cancer and
mam, mamB, her-2 for breast cancer), proliferating poten-
tial-specific (e.g. Ki-67, CEA, CA15-3), apoptosis markers
(e.g. BCL-2, BCL-XL), and other markers for metastatic,
genetic and epigenetic changes. As another example, targets
can include HOXB13 and IL17BR mRNAs, whose ratio in
primary tumor has been shown to predict clinical outcome of
breast cancer patients treated with tamoxifen (Ma et al.
(2004) “A two-gene expression ratio predicts clinical out-
come in breast cancer patients treated with tamoxifen”
Cancer Cell 5(6):607-16 and Goetz et al. (2006) “A Two-
Gene Expression Ratio of Homeobox 13 and Interleukin-
17B Receptor for Prediction of Recurrence and Survival in
Women Receiving Adjuvant Tamoxifen” Clin Cancer Res
12:2080-2087). See also, e.g., Gewanter, R. M., A. E. Katz,
et al. (2003) “RT-PCR for PSA as a prognostic factor for
patients with clinically localized prostate cancer treated with
radiotherapy” Urology 61(5):967-71; Giatromanolaki et al.
(2004) “Assessment of highly angiogenic and disseminated
in the peripheral blood disease in breast cancer patients
predicts for resistance to adjuvant chemotherapy and early
relapse” Int J Cancer 108(4):620-7; Halabi et al. (2003)
“Prognostic significance of reverse transcriptase polymerase
chain reaction for prostate-specific antigen in metastatic
prostate cancer: a nested study within CALGB 9583” J Clin
Oncol 21(3):490-5; Hardingham et al. (2000) “Molecular
detection of blood-borne epithelial cells in colorectal cancer
patients and in patients with benign bowel disease” Int J
Cancer 89(1):8-13; Hayes et al. (2002) “Monitoring expres-
sion of HER-2 on circulating epithelial cells in patients with
advanced breast cancer” Int J Oncol 21(5): 1111-7; Jotsuka,
et al. (2004) “Persistent evidence of circulating tumor cells
detected by means of RT-PCR for CEA mRNA predicts early
relapse: a prospective study in node-negative breast cancer”
Surgery 135(4):419-26; Allen-Mersh T et al. (2003) “Col-
orectal cancer recurrence is predicted by RT-PCR detection
of circulating cancer cells at 24 hours after primary exci-
sion” ASCO meeting, Chicago, May 2003; Shariat et al.
(2003) “Early postoperative peripheral blood reverse tran-
scription PCR assay for prostate-specific antigen is associ-
ated with prostate cancer progression in patients undergoing
radical prostatectomy” Cancer Res 63(18):5874-8; Smith et
al. (2000) “Response of circulating tumor cells to systemic
therapy in patients with metastatic breast cancer: compari-
son of quantitative polymerase chain reaction and immuno-
cytochemical techniques” J Clin Oncol 18(7):1432-9;
Stathopoulou et al. (2002) “Molecular detection of cytok-
eratin-19-positive cells in the peripheral blood of patients
with operable breast cancer: evaluation of their prognostic
significance” J Clin Oncol 20(16):3404-12; and Xenidis et
al. (2003) “Peripheral blood circulating cytokeratin-19
mRNA-positive cells after the completion of adjuvant che-
motherapy in patients with operable breast cancer” Ann
Oncol 14(6):849-55.

[0255] One preferred class of nucleic acid targets to be
detected in the methods herein are those involved in cancer.
Any nucleic acid that is associated with cancer can be
detected in the methods of the invention, e.g., those that
encode over expressed or mutated polypeptide growth fac-
tors (e.g., sis), overexpressed or mutated growth factor
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receptors (e.g., erb-B1), over expressed or mutated signal
transduction proteins such as G-proteins (e.g., Ras), or
non-receptor tyrosine kinases (e.g., abl), or over expressed
or mutated regulatory proteins (e.g., myc, myb, jun, fos, etc.)
and/or the like. In general, cancer can often be linked to
signal transduction molecules and corresponding oncogene
products, e.g., nucleic acids encoding Mos, Ras, Raf, and
Met; and transcriptional activators and suppressors, e.g.,
p53, Tat, Fos, Myc, Jun, Myb, Rel, and/or nuclear receptors.
p53, colloquially referred to as the “molecular policeman” of
the cell, is of particular relevance, as about 50% of all known
cancers can be traced to one or more genetic lesion in p53.

[0256] Taking one class of genes that are relevant to
cancer as an example for discussion, many nuclear hormone
receptors have been described in detail and the mechanisms
by which these receptors can be modified to confer onco-
genic activity have been worked out. For example, the
physiological and molecular basis of thyroid hormone action
is reviewed in Yen (2001) “Physiological and Molecular
Basis of Thyroid Hormone Action” Physiological Reviews
81(3): 1097-1142, and the references cited therein. Known
and well characterized nuclear receptors include those for
glucocorticoids (GRs), androgens (ARs), mineralocorticoids
(MRs), progestins (PRs), estrogens (ERs), thyroid hormones
(TRs), vitamin D (VDRs), retinoids (RARs and RXRs), and
the peroxisome proliferator activated receptors (PPARs) that
bind eicosanoids. The so called “orphan nuclear receptors”
are also part of the nuclear receptor superfamily, and are
structurally homologous to classic nuclear receptors, such as
steroid and thyroid receptors. Nucleic acids that encode any
of these receptors, or oncogenic forms thereof, can be
detected in the methods of the invention. About 40% of all
pharmaceutical treatments currently available are agonists
or antagonists of nuclear receptors and/or oncogenic forms
thereof, underscoring the relative importance of these recep-
tors (and their coding nucleic acids) as targets for analysis by
the methods of the invention.

[0257] One exemplary class of target nucleic acids are
those that are diagnostic of colon cancer, e.g., in samples
derived from stool. Colon cancer is a common disease that
can be sporadic or inherited. The molecular basis of various
patterns of colon cancer is known in some detail. In general,
germline mutations are the basis of inherited colon cancer
syndromes, while an accumulation of somatic mutations is
the basis of sporadic colon cancer. In Ashkenazi Jews, a
mutation that was previously thought to be a polymorphism
may cause familial colon cancer. Mutations of at least three
different classes of genes have been described in colon
cancer etiology: oncogenes, suppressor genes, and mismatch
repair genes. One example nucleic acid encodes DCC (de-
leted in colon cancer), a cell adhesion molecule with homol-
ogy to fibronectin. An additional form of colon cancer is an
autosomal dominant gene, hMSH2, that comprises a lesion.
Familial adenomatous polyposis is another form of colon
cancer with a lesion in the MCC locus on chromosome
number 5. For additional details on colon cancer, see,
Calvert et al. (2002) “The Genetics of Colorectal Cancer”
Annals of Internal Medicine 137 (7): 603-612 and the
references cited therein. For a variety of colon cancers and
colon cancer markers that can be detected in stool, see, e.g.,
Boland (2002) “Advances in Colorectal Cancer Screening:
Molecular Basis for Stool-Based DNA Tests for Colorectal
Cancer: A Primer for Clinicians” Reviews In Gastroentero-
logical Disorders Volume 2, Supp. 1 and the references cited
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therein. As with other cancers, mutations in a variety of other
genes that correlate with cancer, such as Ras and p53, are
useful diagnostic indicators for cancer.

[0258] Cervical cancer is another exemplary target for
detection, e.g., by detection of nucleic acids that are diag-
nostic of such cancer in samples obtained from vaginal
secretions. Cervical cancer can be caused by the papova
virus (e.g., human papilloma virus) and has two oncogenes,
E6 and E7. E6 binds to and removes p53 and E7 binds to and
removes PRB. The loss of p53 and uncontrolled action of
E2F/DP growth factors without the regulation of pRB is one
mechanism that leads to cervical cancer.

[0259] Another exemplary target for detection by the
methods of the invention is retinoblastoma, e.g., in samples
derived from tears. Retinoblastoma is a tumor of the eyes
which results from inactivation of the pRB gene. It has been
found to transmit heritably when a parent has a mutated pRB
gene (and, of course, somatic mutation can cause non-
heritable forms of the cancer).

[0260] Neurofibromatosis Type 1 can be detected in the
methods of the invention. The NF1 gene is inactivated,
which activates the GTPase activity of the ras oncogene. If
NF1 is missing, ras is overactive and causes neural tumors.
The methods of the invention can be used to detect Neuro-
fibromatosis Type 1 in CSF or via tissue sampling.

[0261] Many other forms of cancer are known and can be
found by detecting associated genetic lesions using the
methods of the invention. Cancers that can be detected by
detecting appropriate lesions include cancers of the lymph,
blood, stomach, gut, colon, testicles, pancreas, bladder,
cervix, uterus, skin, and essentially all others for which a
known genetic lesion exists. For a review of the topic, see,
e.g., The Molecular Basis of Human Cancer Coleman and
Tsongalis (Eds) Humana Press; ISBN: 0896036340; 1st
edition (August 2001).

[0262] Similarly, nucleic acids from pathogenic or infec-
tious organisms can be detected by the methods of the
invention, e.g., for infectious fungi, e.g., Aspergillus, or
Candida species; bacteria, particularly E. coli, which serves
a model for pathogenic bacteria (and, of course certain
strains of which are pathogenic), as well as medically
important bacteria such as Staphylococci (e.g., aureus), or
Streptococci (e.g., pneumoniae); protozoa such as sporozoa
(e.g., Plasmodia), rhizopods (e.g., Entamoeba) and flagel-
lates (Trypanosoma, Leishmania, Trichomonas, Giardia,
etc.); viruses such as (+) RNA viruses (examples include
Poxviruses e.g., vaccinia; Picornaviruses, e.g. polio; Toga-
viruses, e.g., rubella; Flaviviruses, e.g., HCV; and Corona-
viruses), (-) RNA viruses (e.g., Rhabdoviruses, e.g., VSV;
Paroxymyxoviruses, e.g., RSV; Orthomyxoviruses, e.g.,
influenza; Bunyaviruses; and Arenaviruses), dsDNA viruses
(Reoviruses, for example), RNA to DNA viruses, i.e., Ret-
roviruses, e.g., HIV and HTLV, and certain DNA to RNA
viruses such as Hepatitis B.

[0263] As noted previously, gene amplification or deletion
events can be detected at a chromosomal level using the
methods of the invention, as can altered or abnormal expres-
sion levels. One preferred class of nucleic acid targets to be
detected in the methods herein include oncogenes or tumor
suppressor genes subject to such amplification or deletion.
Exemplary nucleic acid targets include, but are not limited
to, integrin (e.g., deletion), receptor tyrosine kinases (RTKs;
e.g., amplification, point mutation, translocation, or
increased expression), NF1 (e.g., deletion or point muta-
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tion), Akt (e.g., amplification, point mutation, or increased
expression), PTEN (e.g., deletion or point mutation),
MDM2 (e.g., amplification), SOX (e.g., amplification),
RAR (e.g., amplification), CDK2 (e.g., amplification or
increased expression), Cyclin D (e.g., amplification or trans-
location), Cyclin E (e.g., amplification), Aurora A (e.g.,
amplification or increased expression), P53 (e.g., deletion or
point mutation), NBS1 (e.g., deletion or point mutation), Gli
(e.g., amplification or translocation), Myc (e.g., amplifica-
tion or point mutation), HPV-E7 (e.g., viral infection), and
HPV-EG6 (e.g., viral infection).

[0264] For embodiments in which a nucleic acid target is
used as a reference, suitable reference nucleic acids have
similarly been described in the art or can be determined. For
example, a variety of genes whose copy number is stably
maintained in various tumor cells is known in the art.
Housekeeping genes whose transcripts can serve as refer-
ences in gene expression analyses include, for example, 18S
rRNA, 28S rRNA, GAPD, ACTB, and PPIB. Additional
similar nucleic acids have been described in the art and can
be adapted to the practice of the present invention.

Labels

[0265] A wide variety of labels are well known in the art
and can be adapted to the practice of the present invention.
For example, luminescent labels and light-scattering labels
(e.g., colloidal gold particles) have been described. See, e.g.,
Csaki et al. (2002) “Gold nanoparticles as novel label for
DNA diagnostics” Expert Rev Mol Diagn 2:187-93.

[0266] As another example, a number of fluorescent labels
are well known in the art, including but not limited to,
hydrophobic fluorophores (e.g., phycoerythrin, rhodamine,
Alexa Fluor 488 and fluorescein), green fluorescent protein
(GFP) and variants thereof (e.g., cyan fluorescent protein
and yellow fluorescent protein), and quantum dots. See e.g.,
The Handbook: A Guide to Fluorescent Probes and [abeling
Technologies, Tenth Edition or Web Edition (2006) from
Invitrogen (available on the world wide web at probes.
invitrogen.com/handbook), for descriptions of fluorophores
emitting at various different wavelengths (including tandem
conjugates of fluorophores that can facilitate simultaneous
excitation and detection of multiple labeled species). For use
of quantum dots As labels for biomolecules, see e.g., Duber-
tret et al. (2002) Science 298:1759; Nature Biotechnology
(2003) 21:41-46; and Nature Biotechnology (2003) 21:47-
51.

[0267] Labels can be introduced to molecules, e.g. poly-
nucleotides, during synthesis or by postsynthetic reactions
by techniques established in the art. For example, kits for
fluorescently labeling polynucleotides with various fluoro-
phores are available from Molecular Probes, Inc. ((www.)
molecularprobes.com), and fluorophore-containing phos-
phoramidites for use in nucleic acid synthesis are commer-
cially available. Similarly, signals from the labels (e.g.,
absorption by and/or fluorescent emission from a fluorescent
label) can be detected by essentially any method known in
the art. For example, multicolor detection and the like are
well known in the art. Instruments for detection of labels are
likewise well known and widely available, e.g., scanners,
microscopes, tflow cytometers, etc. For example, flow
cytometers are widely available, e.g., from Becton-Dickin-
son ((www.) bd.com) and Beckman Coulter ((www.) beck-
man.com).
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Molecular Biological Techniques

[0268] In practicing the present invention, many conven-
tional techniques in molecular biology, microbiology, and
recombinant DNA technology are optionally used. These
techniques are well known and are explained in, for
example, Berger and Kimmel, Guide to Molecular Cloning
Techniques, Methods in Enzymology volume 152 Academic
Press, Inc., San Diego, Calif.; Sambrook et al., Molecular
Cloning—A Laboratory Manual (3rd Ed.), Vol. 1-3, Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y., 2000
and Current Protocols in Molecular Biology, F. M. Ausubel
et al., eds., Current Protocols, a joint venture between
Greene Publishing Associates, Inc. and John Wiley & Sons,
Inc., (supplemented through 2006). Other useful references,
e.g. for cell isolation and culture (e.g., for subsequent
nucleic acid isolation) include Freshney (1994) Culture of
Animal Cells, a Manual of Basic Technique, third edition,
Wiley-Liss, New York and the references cited therein;
Payne et al. (1992) Plant Cell and Tissue Culture in Liquid
Systems John Wiley & Sons, Inc. New York, N.Y.; Gamborg
and Phillips (Eds.) (1995) Plant Cell, Tissue and Organ
Culture; Fundamental Methods Springer Lab Manual,
Springer-Verlag (Berlin Heidelberg New York) and Atlas
and Parks (Eds.) The Handbook of Microbiological Media
(1993) CRC Press, Boca Raton, Fla.

[0269] Making Polynucleotides

[0270] Methods of making nucleic acids (e.g., by in vitro
amplification, purification from cells, or chemical synthe-
sis), methods for manipulating nucleic acids (e.g., by restric-
tion enzyme digestion, ligation, etc.) and various vectors,
cell lines and the like useful in manipulating and making
nucleic acids are described in the above references. In
addition, methods of making branched polynucleotides (e.g.,
amplification multimers) are described in U.S. Pat. Nos.
5,635,352, 5,124,246, 5,710,264, and 5,849,481, as well as
in other references mentioned above.

[0271] Inaddition, essentially any polynucleotide (includ-
ing, e.g., labeled or biotinylated polynucleotides) can be
custom or standard ordered from any of a variety of com-
mercial sources, such as The Midland Certified Reagent
Company ((www.) mcrc.com), The Great American Gene
Company ((www.) genco.com), ExpressGen Inc. ((www.)
expressgen.com), Qiagen (oligos.qiagen.com) and many
others.

[0272] A label, biotin, or other moiety can optionally be
introduced to a polynucleotide, either during or after syn-
thesis. For example, a biotin phosphoramidite can be incor-
porated during chemical synthesis of a polynucleotide.
Alternatively, any nucleic acid can be biotinylated using
techniques known in the art; suitable reagents are commer-
cially available, e.g., from Pierce Biotechnology ((www.)
piercenet.com). Similarly, any nucleic acid can be fluores-
cently labeled, for example, by using commercially avail-
able kits such as those from Molecular Probes, Inc. ((www.)
molecularprobes.com) or Pierce Biotechnology ((www.)
piercenet.com) or by incorporating a fluorescently labeled
phosphoramidite during chemical synthesis of a polynucle-
otide.
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[0296] It is understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
the appended claims.

[0297] While the foregoing invention has been described

in some detail for purposes of clarity and understanding, it

will be clear to one skilled in the art from a reading of this
disclosure that various changes in form and detail can be
made without departing from the true scope of the invention.

For example, all the techniques and apparatus described

above can be used in various combinations. All publications,

patents, patent applications, and/or other documents cited in
this application are incorporated by reference in their
entirety for all purposes to the same extent as if each
individual publication, patent, patent application, and/or
other document were individually indicated to be incorpo-
rated by reference for all purposes.
1.-97. (canceled)
98. A method of detecting two or more nucleic acid targets
within an individual cell, the method comprising:
providing a sample comprising the cell, which cell com-
prises or is suspected of comprising two or more
nucleic acid targets;
providing for each nucleic acid target a label probe system
comprising two or more identical label probe com-
plexes, each of which comprises a nucleic acid com-
ponent and one or more labels, wherein the labels of the
label probe systems are distinct for each target nucleic
acid;
providing for each nucleic acid target a capture probe
system comprising two or more sets of capture probes,
wherein each set of capture probes comprises two or
more different capture probes, wherein all capture
probes in the capture probe system comprise a T section
and an L section, wherein the T section is a nucleic acid
sequence complementary to a section on the nucleic
acid target and the L section is a nucleic acid sequence
complementary to a section on the nucleic acid com-
ponent of the label probe complex, and wherein the T
sections of the two or more different capture probes are
complementary to non-overlapping regions of the
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nucleic acid target, and the L sections of the two or
more different capture probes are complementary to
nonoverlapping regions of the nucleic acid component
of the label probe complex;

hybridizing, in the cell and in the presence of cellular

non-target nucleic acids, the capture probe system to
the two or more nucleic acid targets, when present in
the cell, thereby providing hybridization of two or more
different capture probe sets to a single copy of the
nucleic acid target molecules in the presence of cellular
non-target nucleic acids;

capturing, in the cell and in the presence of cellular

non-target nucleic acids, the label probe system to the
capture probe system hybridized to the nucleic acid
target molecules, wherein the capturing occurs by
simultaneously hybridizing the two or more different
capture probes in each capture probe set to a single
molecule of the nucleic acid component of the label
probe complex that is complementary to the L sections
of the two or more different capture probes, thereby
capturing the two or more label probe complexes to the
nucleic acid target in the presence of cellular non-target
nucleic acids; and

detecting a signal from the two or more label probe

complexes captured on the nucleic acid targets.

99. The method of claim 98, wherein hybridizing the two
or more different capture probes of the sets of capture probes
to the single molecule of the nucleic acid component of the
label probe complex that is complementary to the two or
more different capture probes is performed at a hybridization
temperature that is greater than a melting temperature T,, of
a complex between each individual capture probe and the
nucleic acid component of the label probe complex.

100. The method of claim 98, wherein the two or more
different capture probes of the sets of capture probes hybrid-
ize to adjacent sections on the nucleic acid target.

101. The method of claim 98, wherein hybridizing the two
or more different capture probes of the sets of capture probes
to the single molecule of the nucleic acid target is performed
at a hybridization temperature that is greater than a melting
temperature T,, of a complex between each individual cap-
ture probe and the nucleic acid target.

102. The method of claim 98, further comprising provid-
ing one or more blocking probes capable of hybridizing to
regions of the nucleic acid targets not occupied by the two
or more different capture probes of the sets of capture
probes.

103. The method of claim 98, wherein each hybridizing or
capturing step is accomplished for each of multiple nucleic
acid targets at the same time.

104. The method of claim 98, wherein the two or more
nucleic acid targets are independently selected from the
group consisting of a DNA, a chromosomal DNA, an RNA,
an mRNA, a microRNA, a ribosomal RNA, a nucleic acid
endogenous to the cell, and a nucleic acid introduced to or
expressed in the cell by infection of the cell with a pathogen.
targets comprise a first nucleic acid target comprising a first
region of an mRNA and a second nucleic acid target
comprising a second region of the same mRNA.

105. The method of claim 104, wherein one of the two or
more nucleic acid targets is DNA.

106. The method of claim 104, wherein one of the two or
more nucleic acid targets is chromosomal DNA.
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107. The method of claim 104, wherein one of the two or
more nucleic acid targets is RNA.

108. The method of claim 104, wherein one of the two or
more nucleic acid targets is mRNA.

109. The method of claim 104, wherein one of the two or
more nucleic acid targets is a microRNA.

110. The method of claim 104, wherein one of the two or
more nucleic acid targets is ribosomal RNA.

111. The method of claim 104, wherein one of the two or
more nucleic acid targets is endogenous to the cell.

112. The method of claim 104, wherein one of the two or
more nucleic acid targets is a nucleic acid introduced to or
expressed in the cell by infection of the cell with a pathogen.

113. The method of claim 98, wherein the two or more
nucleic acid targets comprise a reference nucleic acid, and
wherein the method comprises normalizing the signal of one
or more of the nucleic acid targets to the signal of the
reference nucleic acid.

114. The method of claim 98, further comprising the step
of correlating the intensity of the signal of each nucleic acid
target with a quantity of the corresponding nucleic acid
target present in the cell.

115. The method of claim 98, wherein the sample com-
prises a tissue section, or wherein the sample comprising the
cell is derived from a bodily fluid, from blood, from a swab,
or from a cell culture.

116. The method of claim 98, wherein the cell is in
suspension during the hybridizing, capturing, and/or detect-
ing steps.

117. The method of claim 98, wherein the cell is a
circulating tumor cell.

118. The method of claim 98, wherein the label probe
system comprises:

(A) the two or more identical label probe complexes each
comprising the nucleic acid component and the one or
more labels, wherein the nucleic acid component of the
label probe complexes comprises one or more label
probes capable of hybridizing to the two or more
different capture probes of the sets of capture probes of
the capture probe system;

(B) the two or more identical label probe complexes each
comprising the nucleic acid component and the one or
more labels, wherein the nucleic acid component of the
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label probe complexes comprises one or more label
probes and an amplifier capable of hybridizing to the
one or more label probes and to the two or more
different capture probes of the sets of capture probes of
the capture probe system; or

(C) the two or more identical label probe complexes each

comprising the nucleic acid component and the one or
more labels, wherein the nucleic acid component of the
label probe complexes comprises one or more label
probes, one or more amplifiers capable of hybridizing
to the one or more label probes, and a preamplifier
capable of hybridizing to the one or more amplifiers
and to the two or more different capture probes of the
sets of capture probes of the capture probe system.

119. The method of claim 118, wherein the label probe
system comprises the two or more identical label probe
complexes each comprising the nucleic acid component and
the one or more labels, wherein the nucleic acid component
of the label probe complexes comprises one or more label
probes capable of hybridizing to the two or more different
capture probes of the sets of capture probes of the capture
probe system.

120. The method of claim 118, wherein the label probe
system comprises the two or more identical label probe
complexes each comprising the nucleic acid component and
the one or more labels, wherein the nucleic acid component
of the label probe complexes comprises one or more label
probes and an amplifier capable of hybridizing to the one or
more label probes and to the two or more different capture
probes of the sets of capture probes of the capture probe
system.

121. The method of claim 118, wherein the label probe
system comprises the two or more identical label probe
complexes each comprising the nucleic acid component and
the one or more labels, wherein the nucleic acid component
of the label probe complexes comprises one or more label
probes, one or more amplifiers capable of hybridizing to the
one or more label probes, and a preamplifier capable of
hybridizing to the one or more amplifiers and to the two or
more different capture probes of the sets of capture probes
of the capture probe system.
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