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ABSTRACT 

This invention provides methods, compositions and kits for 
gene expression analysis and gene expression pro?ling. The 
methods of the invention are highly sensitive; have a Wide 
dynamic range; are rapid and inexpensive; have a high 
throughput; and alloW the simultaneous differential analysis 
of a de?ned set of genes. The methods, compositions and 
kits of the invention also provide tools for gene expression 
data collection and relational data analysis. 
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METHODS FOR ANALYSIS OF GENE 
EXPRESSION 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] This application claims priority to and bene?t of 
US. application No. 60/179,006, ?led Jan. 28, 2000, the full 
disclosure of Which is incorporated herein by reference. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

[0002] The United States government may oWn rights in 
the present invention pursuant to grant numbers HG01700 
02, R43-CA83382 and N43-ES-81006 from the National 
Institutes of Health. 

BACKGROUND OF THE INVENTION 

[0003] Functional genomics is a rapidly growing area of 
investigation, Which includes research into genetic regula 
tion and expression, analysis of mutations that cause 
changes in gene function, and development of experimental 
and computational methods for nucleic acid and protein 
analyses. The Human Genome Project has been the major 
catalyst driving this research; it has been through the devel 
opment of high-throughput technologies that it has been 
possible to map and sequence complex genomes. HoWever, 
While the nucleic acid sequence information elicited by these 
technologies represents the “structural” aspects of the 
genome, it is the interWorkings of the genes encoded therein, 
and the gene products derived from these sequences, that 
Will give a meaningful context to this information. In 
particular, gene expression monitoring can be utiliZed to 
examine groups of related genes, interlocking biochemical 
pathWays, and biological netWorks as a Whole. 

[0004] This rapidly groWing set of cloned human genes 
provides a plethora of candidate drug targets for testing 
against complex chemical libraries. In order to ef?ciently 
test the impact(s) of a large number of putative drug com 
pounds on the expression pro?le of one or more sets of 
genes, methods are needed that are sensitive, quantitative, 
extremely rapid, and adaptable to automation, in order to be 
cost-effective. Present day technologies do not meet these 
demands. The present invention addresses this need by 
providing novel methods for analyZing gene expression, 
systems for implementing these techniques, compositions 
for preparing a plurality of ampli?cation products from a 
plurality of mRNA target sequences, and related pools of 
ampli?cation products. 

SUMMARY OF THE INVENTION 

[0005] The present invention provides methods for ana 
lyZing gene expression. The methods include obtaining a 
plurality of cDNA target sequences, and multiplex amplify 
ing these sequences, a process Which involves combining 
the plurality of target sequences With a plurality of target 
speci?c primers and one or more universal primers, to 
produce a plurality of ampli?cation products. The target 
sequences are obtained in any of a number of manners, such 
as by performing reverse transcription on a set of mRNA 
molecules. The mRNA molecules are optionally derived 
from cells, organisms, or cell cultures, Which are optionally 
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exposed to one or more speci?c treatments that potentially 
alter the biological state of the cell, organism, or cell culture. 

[0006] Target-speci?c primers for use in the methods of 
the present invention include oligonucleotides comprising a 
?rst sequence that is derived from a target gene of interest 
and positioned Within a 3‘ region of the oligonucleotide, and 
a second sequence that is complementary to a universal 
primer and positioned Within the 5‘ region of the oligonucle 
otide. The target speci?c primers can be categoriZed as 
forWard primers or reverse primers, depending upon the 
relative orientation Whether the primer versus the polarity of 
the nucleic acid sequence (e.g., Whether the primer binds to 
the coding strand or a complementary (noncoding) strand of 
the target sequence). 

[0007] The universal primers used in the methods of the 
present invention are sequences common to a plurality of 
target-speci?c primers, but preferably not present in the 
template nucleic acid (i.e., the plurality of target sequences). 
As such, a universal primer typically does not hybridiZe to 
the target sequence template during a PCR reaction. HoW 
ever, since the universal primer sequence is complementary 
to a portion of one or more target-speci?c primers used in the 
present invention, the universal primer can initiate polymer 
iZation using a target-speci?c primer-ampli?ed product as a 
template. In some embodiments of the present invention, 
multiple universal primers having sequences distinct from 
one another are utiliZed; these universal primers are then 
called “semi-universal” primers. As one example, a plurality 
of semi-universal primers can include primer sequences that 
are complementary to one or more forWard target-speci?c 
primers, one or more reverse target-speci?c primers, or a 
combination thereof. 

[0008] Optionally, the multiplex ampli?cation process 
involves simultaneously amplifying a plurality of cDNA 
molecules in the same reaction mixture. This can be 
achieved, for example, by employing one or more target 
speci?c primer pairs (Where each pair comprising a forWard 
target-speci?c primer and a reverse target-speci?c primer) 
and one or more universal primer pairs, (also comprising 
pairs of forWard and reverse universal primers). In some 
embodiments of the present invention, the multiplex ampli 
?cation involves providing the universal primer in an excess 
concentration relative to the target-speci?c primer. 

[0009] In some embodiments of the methods of the present 
invention, the length of one or more of the universal primers 
or target-speci?c primers is altered prior to combination in 
the multiplex ampli?cation step. This alteration in length can 
be achieved, e.g., by adding nucleotides to the end of the 
primer sequence, inserting nucleotides Within the primer 
sequence, incorporating a non-nucleotide linker Within the 
primer sequence, or cleaving a cleavable linkage Within the 
primer sequence. As one example, alteration of the length of 
a target-speci?c primer is achieved by inserting nucleotides 
betWeen the universal sequence portion (i.e., that sequence 
complementary to the universal primer sequence) and the 
target-speci?c sequence of the primer. 

[0010] One or more of the nucleic acid sequences used as 
universal primers and target-speci?c primers in the methods 
of the present invention can optionally include a cleavable 
linkage or a non-nucleotide linker as a sequence element. 
This non-nucleotide linker can include, e.g., non-cleavable 
linkages, alkyl chains, or abasic nucleotides. Furthermore, 
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the nucleic acid sequences used as universal primers and 
target-speci?c primers in the methods of the present inven 
tion can optionally include one or more labels. Labels for 
use in the methods of the present invention can include, e.g., 
a chromaphore, a ?uorophore, a dye, a releasable label, a 
mass label, an af?nity label, a friction moiety, a hydrophobic 
group, an isotopic label, or a combination thereof. The same 
label can be incorporated into disparate primers used in a 
multiplexed ampli?cation; alternatively, unique labels or 
combination of labels can be associated With each member 
of the plurality of primers. 

[0011] Furthermore, the multiplex ampli?cation option 
ally includes a reference sequence that contains a region 
homologous to at least one member of the plurality of 
target-speci?c primers. The reference sequence (or 
sequences) can be endogenously present in the cDNA con 
taining the target sequence, or it can be exogenously added 
to the cDNA sample. 

[0012] One or more members of the plurality of ampli? 
cation products are separated by any of a variety of tech 
niques knoWn to those of skill in the art. In a preferred 
embodiment of the present invention, the members are 
separated using one or more separation techniques, such as 
mass spectrometry, electrophoresis (using, for example, 
capillary electrophoresis, microcapillary electrophoresis, 
agarose and/or acrylamide gel platforms), chromatography 
(e.g., such as HPLC or FPLC), or various micro?uidic 
techniques. 

[0013] The one or more members are detected by any of 
a number of techniques, thereby generating one or more sets 
of gene expression data. For example, in a preferred embodi 
ment, the ampli?cation products are separated and detected 
by performing HPLC folloWed by mass spectroscopy. 

[0014] Detection is performed, for example, by measuring 
the presence, absence, or quantity/amplitude of one or more 
properties of the ampli?cation products. Example properties 
of the ampli?cation products include, but are not limited to, 
mass, light absorption or emission, and one or more elec 
trochemical properties. In embodiments in Which one or 
more of the primers includes a label, the inherent property 
can be dependent upon the identity of the label. In one 
embodiment, detection of the ampli?cation products 
involves resolving a ?rst signal from a singly labeled 
ampli?cation product and a second signal from a single 
labeled (or multiply labeled) ampli?cation product by 
deconvolution of the data. In an alternative embodiment, 
detection of the ampli?cation products involves resolving a 
?rst signal from a singly labeled ampli?cation product and 
a second signal from a single or multiply labeled ampli? 
cation product by reciprocal subtraction of the ?rst or second 
signal from an overlapping signal. Thus, one or more 
ampli?cation products are detected and the information 
collected is used to generate a set of gene expression data. 

[0015] The set of gene expression data are stored in a 
database; this data is then used, e.g., to perform a compara 
tive analysis (for example, by measuring a ratio of each 
target gene to each reference gene or other analysis of 

interest). 
[0016] The present invention also provides methods for 
analyZing gene expression including the steps of obtaining 
cDNA from a plurality of samples for a plurality of target 
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sequences; performing a plurality of multiplexed ampli?ca 
tions of the target sequences, thereby producing a plurality 
of multiplexed ampli?cation products; pooling the plurality 
of multiplexed ampli?cation products; separating the plu 
rality of multiplexed ampli?cation products; detecting the 
plurality of multiplexed ampli?cation products, thereby gen 
erating a set of gene expression data; storing the set of gene 
expression data in a database; and performing a comparative 
analysis of the set of gene expression data. As in the previous 
embodiments, a plurality of target-speci?c primers and 
universal primers are employed in the multiplexed ampli? 
cation step. Either the universal primer(s) or the target 
speci?c primer(s) can be labeled. In one embodiment of 
these methods, a ?rst multiplexed ampli?cation is performed 
using a primer having a ?rst label that produces a ?rst signal, 
and a second multiplexed ampli?cation is performed With a 
primer comprising a second label that produces a second 
signal, Wherein the ?rst and second signals are distinguish 
able from one another. 

[0017] In another embodiment, the plurality of ampli?ca 
tion products are detected by shifting the mobility of mem 
ber ampli?cation products relative to one another For 
example, ampli?cation of the target sequences is performed 
using universal primers having tWo or more lengths; detec 
tion of the plurality of multiplexed ampli?cation products 
produced using these primers involves measuring one or 
more siZe shifts among the plurality of multiplexed ampli 
?cation products. Alternatively, the method is performed 
using target-speci?c primers having tWo or more lengths, 
leading to generation of differentially-sized ampli?cation 
products. The shift in siZe can be achieved, for example, by 
using primers having cleavable linkages incorporated into 
their sequences. Alternatively, the shift in siZe can be 
achieved by incorporation of a friction moiety into one or 
more of the universal primers, thereby creating a reduction 
in mobility of the ampli?cation products. 

[0018] The multiplex ampli?cation reaction used in the 
methods of the present invention includes, but is not limited 
to, a polymerase chain reaction, a transcription-based ampli 
?cation, a self-sustained sequence replication, a nucleic acid 
sequence based ampli?cation, a ligase chain reaction, a 
ligase detection reaction, a strand displacement ampli?ca 
tion, a repair chain reaction, a cyclic probe reaction, a rapid 
ampli?cation of cDNA ends, an invader assay, a bridge 
ampli?cation or rolling circle ampli?cation, or a combina 
tion thereof. 

[0019] The present invention also provides methods for 
analyZing gene expression including the steps of obtaining 
cDNA from multiple samples; amplifying a plurality of 
target sequences from the cDNA, thereby producing a 
multiplex of ampli?cation products; separating and detect 
ing the ampli?cation products using a high throughput 
platform, Wherein detecting generates a set of gene expres 
sion data; storing the set of gene expression data in a 
database; and performing a comparative analysis of the set 
of gene expression data. 

[0020] The methods of the present invention optionally 
include performing one or more of the amplifying, separat 
ing or detecting steps in a high throughput format. For 
example, the reactions can be performed in multi-Well 
plates. Optionally, anyWhere betWeen about 96 and about 
5000 reactions, preferably betWeen about 500 and 2000 
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reactions, and more preferably about 1000 reactions, are 
performed per hour using the methods of the present inven 
tion. Furthermore, one or more miniaturiZed scale platforms 
can be used to perform the methods of the present invention. 

[0021] The present invention also provides systems for 
analyzing gene expression. The elements of the system 
include, but are not limited to, a) an ampli?cation module for 
producing a plurality of ampli?cation products from a pool 
of target sequences; b) a detection module for detecting one 
or more members of the plurality of ampli?cation products 
and generating a set of gene expression data comprising a 
plurality of data points; and c) an analyZing module in 
operational communication With the detection module, the 
analyZing module comprising a computer or computer 
readable medium comprising one or more logical instruc 
tions Which organiZe the plurality of data points into a 
database and one or more logical instructions Which analyZe 
the plurality of data points. Any or all of these modules can 
comprise high throughput technologies and/or systems. 

[0022] The ampli?cation module of the present invention 
includes at least one pair of universal primers and at least 
one pair of target-speci?c primers for use in the ampli?ca 
tion process. Optionally, the ampli?cation module includes 
a unique pair of universal primers for each target sequence. 
Furthermore, the ampli?cation module can include compo 
nents to perform one or more of the folloWing reactions: a 
polymerase chain reaction, a transcription-based ampli?ca 
tion, a self-sustained sequence replication, a nucleic acid 
sequence based ampli?cation, a ligase chain reaction, a 
ligase detection reaction, a strand displacement ampli?ca 
tion, a repair chain reaction, a cyclic probe reaction, a rapid 
ampli?cation of cDNA ends, an invader assay, or various 
solution phase and/or solid phase assays (for example, 
bridge ampli?cation or rolling circle ampli?cation). The 
detection module can include systems for implementing 
separation of the ampli?cation products; exemplary detec 
tion modules include, but are not limited to, mass spectrom 
etry instrumentation and electrophoretic devices. 

[0023] The analyZing module of the system includes one 
or more logical instructions for analyZing the plurality of 
data points generated by the detection system. For example, 
the instructions can include softWare for performing differ 
ence analysis upon the plurality of data points. Additionally 
(or alternatively), the instructions can include or be embod 
ied in softWare for generating a graphical representation of 
the plurality of data points. Optionally, the instructions can 
be embodied in system softWare Which performs combina 
torial analysis on the plurality of data points. 

[0024] The present invention also provides kits for obtain 
ing a multiplex set of ampli?cation products of target genes 
and references-genes. The kits of the present invention 
include a) at least one pair of universal primers; b) at least 
one pair of target-speci?c primers; c) at least one pair of 
reference gene-speci?c primers; and d) one or more ampli 
?cation reaction enZymes, reagents, or buffers. The kits 
optionally further include softWare for storing and analyZing 
data obtained from the ampli?cation reactions. 

[0025] Additionally, the present invention provides com 
positions for preparing a plurality of ampli?cation products 
from a plurality of mRNA target sequences. The composi 
tions include one or more pairs of universal primers; and one 
or more pairs of target-speci?c primers. The present inven 
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tion also provides for the use of the kits of the present 
invention for practicing any of the methods of the present 
invention, as Well as the use of a composition or kit as 
provided by the present invention for practicing a method of 
the present invention. Furthermore, the present invention 
provides assays utiliZing any of these uses. 

BRIEF DESCRIPTION ON THE FIGURES 

[0026] The folloWing draWings form part of the present 
speci?cation and are included to further demonstrate certain 
aspects of the present invention. The invention may be better 
understood by reference to one or more of these draWings in 
combination With the detailed description of speci?c 
embodiments presented herein. 

[0027] FIG. 1: Schematic of one embodiment of a set of 
target-speci?c primers and a universal primer employed in 
the present invention. The abbreviation “TSP” indicates a 
target-speci?c primer, While “UP” indicates a universal 
primer. Different line patterns (bold, dashed, etc.) symboliZe 
different DNA sequences. 

[0028] FIG. 2: Schematic draWing depicting coupled tar 
get-speci?c and universal priming of a PCR reaction. 

[0029] FIG. 3: Schematic depiction of exemplary reac 
tions occurring in a multiplexed reverse transcriptase-based 
polymerase chain reaction (RT-PCR) reaction, using a com 
bination of target-speci?c and universal primers. 

[0030] FIG. 4: Exemplary pro?les of original and 
“shifted” multiplex gene sets. 

[0031] FIG. 5: Exemplary pro?les of multiplex gene sets 
using multiple ?uorescent dye labels. 

DETAILED DISCUSSION 

[0032] De?nitions 

[0033] Before describing the present invention in detail, it 
is to be understood that this invention is not limited to 
particular compositions or biological systems, Which can, of 
course, vary. It is also to be understood that the terminology 
used herein is for the purpose of describing particular 
embodiments only, and is not intended to be limiting. As 
used in this speci?cation and the appended claims, the 
singular forms “a”, “an” and “the” include plural referents 
unless the content clearly dictates otherWise. Thus, for 
example, reference to “a device” includes a combination of 
tWo or more such devices, reference to “a gene fusion 
construct” includes mixtures of constructs, and the like. 

[0034] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which the 
invention pertains. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice for testing of the present invention, currently 
preferred materials and methods are described herein. 

[0035] In describing and claiming the present invention, 
the folloWing terminology Will be used in accordance With 
the de?nitions set out beloW. 

[0036] The term “absolute abundance” or “absolute gene 
expression levels” refers to the amount of a particular 
species (e.g., gene expression product) present in a sample. 
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[0037] The term “ampli?ed product” refers to a nucleic 
acid generated by any method of nucleic acid ampli?cation. 

[0038] The term “attenuation” refers to a method of reduc 
ing the signal intensities of extremely abundant reaction 
products in a multiplex, such that the signals from all 
products of a multiplex set of products fall Within the 
dynamic range of the detection platform used for the assay. 

[0039] The term “blocking group” refers to a chemical 
modi?cation at the 3‘ end of an ampli?cation primer that 
does not interfere With hybridiZation betWeen the primer and 
its target sequence, but cannot be extended by a DNA 
polymerase. 

[0040] The term “cDN ” refers to complementary or 
“copy” DNA. Generally cDNA is synthesiZed by a DNA 
polymerase using any type of RNA molecule (e.g., typically 
mRNA) as a template. Alternatively, the cDNA can be 
obtained by directed chemical syntheses. 

[0041] The term “chemical treatment” refers to the process 
of exposing a cell, cell line, tissue or organism to a chemical 
or biochemical compound (or library of compounds) that 
has/have the potential to alter its gene expression pro?le. 

[0042] The term “complementary” refers to nucleic acid 
sequences capable of base-pairing according to the standard 
Watson-Crick complementary rules, or being capable of 
hybridiZing to a particular nucleic acid segment under 
relatively stringent conditions. Nucleic acid polymers are 
optionally complementary across only portions of their 
entire sequences. 

[0043] The term “environmental stress” refers to an exter 
nally applied factor or condition that may cause an alteration 
in the gene expression pro?le of a cell. 

[0044] The term “friction group” refers to a chemical or 
physical moiety attached to a nucleic acid for the purposes 
of reducing the mobility by frictional drag of that nucleic 
acid in a matrix or ?uid across Which an electric ?eld is 
applied. 

[0045] The term “gene” refers to a nucleic acid sequence 
encoding a gene product. The gene optionally comprises 
sequence information required for expression of the gene 
(e.g., promoters, enhancers, etc.). 

[0046] The term “gene expression” refers to transcription 
of a gene into an RNA product, and optionally to translation 
into one or more polypeptide sequences. 

[0047] The term “gene expression data” refers to one or 
more sets of data that contain information regarding differ 
ent aspects of gene expression. The data set optionally 
includes information regarding: the presence of target-tran 
scripts in cell or cell-derived samples; the relative and 
absolute abundance levels of target transcripts; the ability of 
various treatments to induce expression of speci?c genes; 
and the ability of various treatments to change expression of 
speci?c genes to different levels. 

[0048] The term “high throughput format” refers to ana 
lyZing more than about 10 samples per hour, preferably 
about 50 or more samples per hour, more preferably about 
100 or more samples per hour, most preferably about 250, 
about 500, about 1000 or more samples per hour. 
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[0049] The term “hybridization” refers to duplex forma 
tion betWeen tWo or more polynucleotides, e.g., to form a 
double-stranded nucleic acid. The ability of tWo regions of 
complementarity to hybridiZe and remain together depends 
of the length and continuity of the complementary regions, 
and the stringency of hybridiZation conditions. 

[0050] The term “label” refers to any detectable moiety. A 
label may be used to distinguish a particular nucleic acid 
from others that are unlabeled, or labeled differently, or the 
label may be used to enhance detection. 

[0051] The terms “microplate,”“culture plate,” and “mul 
tiWell plate” interchangeably refer to a surface having mul 
tiple chambers, receptacles or containers and generally used 
to perform a large number of discreet reactions simulta 
neously. 

[0052] The term “miniaturized format” refers to proce 
dures or methods conducted at submicroliter volumes, 
including on both micro?uidic and nano?uidic platforms. 

[0053] The term “multiplex reaction” refers to a plurality 
of reactions conducted simultaneously in a single reaction 
mixture. 

[0054] The term “multiplex ampli?cation” refers to a 
plurality of ampli?cation reactions conducted simulta 
neously in a single reaction mixture. 

[0055] The term “nucleic acid” refers to a polymer of 
ribonucleic acids or deoxyribonucleic acids, including RNA, 
mRNA, rRNA, tRNA, small nuclear RNAs, cDNA, DNA, 
PNA, or RNA/DNA copolymers. Nucleic acid may be 
obtained from a cellular extract, genomic or extragenomic 
DNA, viral RNA or DNA, or arti?cially/chemically synthe 
siZed molecules. 

[0056] The term “platform” refers to the instrumentation 
method used for sample preparation, ampli?cation, product 
separation, product detection, or analysis of data obtained 
from samples. 

[0057] The term “primer” refers to any nucleic acid that is 
capable of hybridiZing at its 3‘ end to a complementary 
nucleic acid molecule, and that provides a free 3‘ hydroxyl 
terminus Which can be extended by a nucleic acid poly 
merase. 

[0058] The term “reference sequence” refers to a nucleic 
acid sequence serving as a target of ampli?cation in a sample 
that provides a control for the assay. The reference may be 
internal (or endogenous) to the sample source, or it may be 
an externally added (or exogenous) to the sample. An 
external reference may be either RNA, added to the sample 
prior to reverse transcription, or DNA (e.g., cDNA), added 
prior to PCR ampli?cation. 

[0059] The term “relative abundance” or “relative gene 
expression levels” refers to the abundance of a given species 
relative to that of a second species. Optionally, the second 
species is a reference sequence. 

[0060] The term “RNA” refers to a polymer of ribonucleic 
acids, including RNA, mRNA, rRNA, tRNA, and small 
nuclear RNAs, as Well as to RNAs that comprise ribonucle 
otide analogues to natural ribonucleic acid residues, such as 
2-O-methylated residues. 
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[0061] The term “semi-universal primer” refers to a 
primer that is capable of hybridizing With more than one, but 
not all, of the target-speci?c primers in a multiplexed 
reaction. 

[0062] The term “separation system” refers to any of a set 
of methodologies that can be employed to effect a siZe 
separation of the products of a reaction. 

[0063] The term “siZe separation” refers to physical sepa 
ration of a complex mixture of species into individual 
components according to the siZe of each species. 

[0064] The term “target,”“target sequence,” or “target 
gene sequence” refers to a speci?c nucleic acid sequence, 
the presence, absence or abundance of Which is to be 
determined. In a preferred embodiment of the invention, it is 
a unique sequence Within the mRNA of an expressed gene. 

[0065] The term “target-speci?c primer” refers to a primer 
capable of hybridiZing With its corresponding target 
sequence. Under appropriate conditions, the hybridiZed 
primer can prime the replication of the target sequence. 

[0066] The term “template” refers to any nucleic acid 
polymer that can serve as a sequence that can be copied into 
a complementary sequence by the action of, for example, a 
polymerase enzyme. 

[0067] The term “transcription” refers to the process of 
copying a DNA sequence of a gene into an RNA product, 
generally conducted by a DNA-directed RNA polymerase 
using the DNA as a template. 

[0068] The term “treatment” refers to the process of 
subjecting one or more cells, cell lines, tissues, or organisms 
to a condition, substance, or agent (or combinations thereof) 
that may cause the cell, cell line, tissue or organism to alter 
its gene expression pro?le. Atreatment may include a range 
of chemical concentrations and exposure times, and repli 
cate samples may be generated. 

[0069] The term “universal primer” refers to a replication 
primer comprising a universal sequence. 

[0070] The term “universal sequence” refers to a sequence 
contained in a plurality of primers, but preferably not in a 
complement to the original template nucleic acid (e.g., the 
target sequence), such that a primer composed entirely of 
universal sequence is not capable of hybridiZing With the 
template. 

[0071] Gene Expression as a Measure of the Biological 
State of a Cell 

[0072] Transcription of genes into RNA is a critical early 
step in gene expression. Consequently, the coordinated 
activation or suppression of transcription of particular genes 
is an important component of the overall regulation of 
expression. A variety of Well-developed techniques have 
been established that provide Ways to analyZe and quantitate 
gene transcription. 

[0073] Some of the earliest methods are based on detec 
tion of a label in RNA hybrids or protection of RNA from 
enZymatic degradation (see, for example, Current Protocols 
in Molecular Biology, F. M. Ausubel et al., eds., Current 
Protocols, a joint venture betWeen Greene Publishing Asso 
ciates, Inc. and John Wiley & Sons, Inc., supplemented 
through 1999). Methods based on detecting hybrids include 
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northern blots and slot/dot blots. These tWo techniques differ 
in that the components of the sample being analyZed are 
resolved by siZe in a northern blot prior to detection, Which 
enables identi?cation of more than one species simulta 
neously. Slot blots are generally carried out using unresolved 
mixtures or sequences, but can be easily performed in serial 
dilution, enabling a more quantitative analysis. Both tech 
niques are very time-consuming and require a fair amount of 
manual manipulation, making them expensive and unsuit 
able for high throughput applications. 

[0074] In situ hybridiZation is a technique that monitors 
transcription by directly visualiZing RNA hybrids in the 
context of a Whole cell. This method provides information 
regarding subcellular localiZation of transcripts. HoWever, it 
is not very quantitative, and is extremely technically 
demanding and time-consuming. As a consequence, this 
technique is best suited for basic research applications. 

[0075] Techniques to monitor RNA that make use of 
protection from enZymatic degradation include S1 analysis 
and RNAse protection assays (RPAs). Both of these assays 
employ a labeled nucleic acid probe, Which is hybridiZed to 
the RNA species being analyZed, folloWed by enZymatic 
degradation of single-stranded regions of the probe. Analy 
sis of the amount and length of probe protected from 
degradation is used to determine the quantity and endpoints 
of the transcripts being studied. Although both methods can 
yield quantitative results, they are time-consuming and 
cumbersome, making them poor candidates for a high 
throughput, loW cost general assay for gene expression. 

[0076] A second family of assays developed for monitor 
ing transcription makes use of cDNA derived from mRNA. 
Because the material analyZed is DNA, these assays are less 
sensitive to degradation, and also provide partial and/or full 
clones With Which to localiZe and clone genes or coding 
sequences of interest. Methods include sequencing cDNA 
inserts of an expressed sequence tag (EST) clone library 
(Adams et al. (1991) Science 252:1651-1656), Which may 
be coupled With subtractive hybridiZation to improve sen 
sitivity (Sagerstrom et al. (1997) Annul Rev. Biochem. 
661751-783), and serial analysis of gene expression 
(“SAGE”, described in US. Pat. No. 5,866,330 to KinZler et 
al.; Velculescu et al. (1995) Science 270:484-487); and 
Zhang et al. (1997) Science 276:1268-1272). Both of these 
methods have been useful for identi?cation of novel, dif 
ferentially expressed genes. HoWever, their methodologies 
yield untargeted information, i.e., they survey the Whole 
spectrum of mRNA in a sample rather than focusing on a 
predetermined set. As a result, very large data sets are 
required to derive reliable quantitative data, making these 
methods inappropriate and far too costly for high throughput 
screening strategies. 

[0077] Reverse transcriptase-mediated PCR (RT-PCR) 
gene expression assays are directed at speci?ed target gene 
products, overcoming some of the shortcomings described 
above. These assays are derivatives of PCR in Which ampli 
?cation is preceded by reverse transcription of mRNA into 
cDNA. Because the mRNA is ampli?ed, this type of assay 
can detect transcripts of very loW abundance; hoWever, the 
assay is not quantitative. Adaptations of this assay, called 
competitive RT-PCR (Becker-Andre and Hahlbrock (1989) 
Nucleic Acids Res. 17:9437-9446; Wang et al. (1989) Proc. 
Natl. Acad. Sci. USA 86:9717-9721; Gilliland et al. (1990) 
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Proc. Natl. Acad. Sci. USA 87:2725-2729) have been devel 
oped that are more quantitative. In these assays, a known 
amount of exogenous template is added to the reaction 
mixture, to compete with the target for ampli?cation. The 
exogenous competitor is titrated against the target, allowing 
for quantitation of a speci?ed cDNA in the sample by 
comparing the ampli?cation of both templates within the 
same reaction mixture. Because titration is required to 
generate quantitative data, multiple reactions are required 
for each analysis. While this type of assay is very sensitive 
and quantitative, these assays require multiple steps in 
development, execution, and analysis, making them very 
time-consuming, cumbersome, and expensive. The need to 
perform a titration reduces the overall throughput of the 
assay, and the requirement for an internal competitor for 
each target reduces the multiplexing capacity. These limita 
tions restrict the usefulness of this assay in analysis of large 
numbers of gene sets. 

[0078] In order to increase the throughput of the RT-PCR 
assay, Su et al. (BioTechniques (1997) 22:1107-1113) com 
bined microplate-based RNA extraction with multiplexed 
RT-PCR. With this method, they demonstrated simultaneous 
analysis of three different target mRNAs ampli?ed from 
samples prepared from a 96 well microplate. However, 
changes in gene expression were only presented qualita 
tively. 

[0079] Other methods for targeted mRNA analysis include 
differential display reverse transcriptase PCR (DDRT-PCR) 
and RNA arbitrarily primed PCR (RAP-PCR) (see US. Pat. 
No. 5,599,672; Liang and Pardee (1992) Science 2571967 
971; Welsh et al. (1992) Nucleic Acids Res. 20:4965-4970). 
Both methods use random priming to generate RT-PCR 
?ngerprint pro?les of transcripts in an unfractionated RNA 
preparation. The signal generated in these types of analyses 
is a pattern of bands separated on a sequencing gel. Differ 
entially expressed genes appear as changes in the ?ngerprint 
pro?les between two samples, which can be loaded in 
separate wells of the same gel. This type of readout allows 
identi?cation of both up- and down-regulation of genes in 
the same reaction, appearing as either an increase or 
decrease in intensity of a band from one sample to another. 
However, due to the complexity of the ?ngerprint pro?le, 
ampli?cation products are strongly biased towards more 
abundant transcripts. Simultaneous ampli?cation of hun 
dreds to thousands of different products dramatically com 
presses the dynamic range of measurement. The combined 
result of ampli?cation bias, dynamic range compression and 
other biases that result from the use of a complex mix of 
primers eliminates the ability to quantitate relative changes 
in expression between the different genes in a sample. 
Furthermore, the methodology is designed for identi?cation 
of changes in the transcriptional pro?le of a whole cell, but 
does not provide any information about the identities of the 
PCR products. To identify a species, a band must be excised 
from the gel, subcloned, sequenced, and ?nally matched to 
a gene in a sequence database. The complexity of the pro?le 
prohibits complete resolution of PCR products on the gel, 
causing a high incidence of false positives arising from 
multiple species existing in the same region of the gel. These 
characteristics make general ?ngerprinting techniques 
unsuitable for investigation of already identi?ed transcripts, 
and precludes a high-throughput quantitative analysis. 
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[0080] The TaqMan assay (Livak et al. (1995) PCR Meth 
ods Appl. 4:357-362) is a quenched ?uorescent dye system 
for quantitating targeted mRNA levels in a complex mixture. 
The assay has good sensitivity and dynamic range, and 
yields quantitative results. But because detection is based on 
?uorescence of unfractionated products, it can be multi 
plexed only to the very low levels (i.e., two to four) as 
allowed by resolution of emission spectra of the chroma 
phores. Furthermore, due to overlapping emission spectra, 
multiplexing reduces the accuracy of quantitation. This 
limitation makes differential analysis problematic and 
increases the cost. Also, the assay is performed in real time 
during thermal cycling, greatly reducing the throughput of 
the assay. 

[0081] Nucleic acid microarrays have been developed 
recently, which have the bene?t of assaying for sample 
hybridiZation to a large number of probes in a highly parallel 
fashion. They can be used for quantitation of mRNA expres 
sion levels, and dramatically surpass the above mentioned 
techniques in terms of multiplexing capability. These arrays 
comprise short DNA sequences, PCR products, or mRNA 
isolates ?xed onto a solid surface, which can then be used in 
a hybridiZation reaction with a target sample, generally a 
whole cell extract (see, for example, US. Pat. Nos. 5,143, 
854 and 5,807,522; Fodor et al. (1991) Science 2511767 
773; and Schena et al. (1995) Science 270:467-470). 
Microarrays can be used to measure the expression levels of 
several thousands of genes simultaneously, generating a 
gene expression pro?le of the entire genome of relatively 
simple organisms. Each reaction, however, is performed 
with a single sample against a very large number of gene 
probes. As a consequence, microarray technology does not 
facilitate high throughput analysis of very large numbers of 
unique samples against an array of known probes. 

[0082] The present invention addresses the need for gene 
expression detection and quantitation methodologies by 
providing novel methods for analyZing gene expression, 
systems for implementing these techniques, compositions 
for preparing a plurality of ampli?cation products from a 
plurality of mRNA target sequences, and related pools of 
ampli?cation products. The methods of the present inven 
tion include the steps of (a) obtaining a plurality of target 
cDNA sequences; (b) multiplex amplifying the target 
sequences using a plurality of target-speci?c primers and 
one or more universal primers; (c) separating one or more 
members of the resulting plurality of ampli?cation products; 
(d) detecting the one or more members of the plurality of 
ampli?cation products, thereby generating a set of gene 

expression data; (e) storing the data in a database; and performing a comparative analysis on the set of gene expres 

sion data, thereby analyZing the gene expression. The meth 
ods of the invention are highly sensitive; have a wide 
dynamic range; are rapid and inexpensive; have a high 
throughput; and allow the simultaneous differential analysis 
of a de?ned set of genes. The methods, compositions and 
kits of the invention also provide tools for gene expression 
data collection and relational data analysis. 

[0083] Methods for Quantitating Gene Expression Levels 

[0084] The controlled expression of particular genes or 
groups of genes in a cell is the molecular basis for regulation 
of biological processes and, ultimately, for the physiological 
or pathological state of the cell. Knowledge of the “expres 
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sion pro?le” of a cell is of key importance for answering 
many biological questions, including the nature and mecha 
nism of cellular changes, or the degree of differentiation of 
a cell, organ, or organism. Furthermore, the factors involved 
in determining the expression pro?le may lead to the dis 
covery of cures that could reverse an adverse pathological or 
physiological condition. A de?ned set of genes can be 
demonstrated to serve as indicators of a particular state of a 
cell, and can therefore serve as a model for monitoring the 
cellular pro?le of gene expression in that state. 

[0085] The pharmaceutical drug discovery process has 
traditionally been dominated by biochemical and enZymatic 
studies of a designated pathWay. Although this approach has 
been productive, it is very laborious and time-consuming, 
and is generally targeted to a single gene or de?ned pathWay. 
Molecular biology and the development of gene cloning 
have dramatically expanded the number of genes that are 
potential drug targets, and this process is accelerating rap 
idly as a result of the progress made in sequencing the 
human genome. In addition to the groWing set of available 
genes, techniques such as the synthesis of combinatorial 
chemical libraries have created daunting numbers of candi 
date drugs for screening. In order to capitaliZe on these 
available materials, methods are needed that are capable of 
extremely fast and inexpensive analysis of gene expression 
levels. 

[0086] The present invention provides novel methods for 
the analysis of changes in expression levels of a set of genes. 
These methods include providing a plurality of target 
sequences, Which are then analyZed simultaneously in a 
multiplexed reaction. Multiplexing the analysis improves 
the accuracy of quantitation; for example, signals from one 
or more target genes can be compared to an internal control. 
Multiplexing also reduces the time and cost required for 
analysis. Thus, the methods of the present invention provide 
for rapid generation of a differential expression pro?le of a 
de?ned set of genes, through the comparison of data from 
multiple reactions. 

[0087] The methods of the present invention include the 
steps of (a) obtaining a plurality of target nucleic acid 
sequences, generally cDNA sequences; (b) multiplex ampli 
fying the target sequences using a plurality of target-speci?c 
primers and one or more universal primers; (c) separating 
one or more members of the resulting plurality of ampli? 
cation products; (d) detecting the one or more members of 
the plurality of ampli?cation products, thereby generating a 
set of gene expression data; (e) storing the data in a database; 
and performing a comparative analysis on one or more 
components of the set of gene expression data, thereby 
analyZing the gene expression. In an alternative embodi 
ment, the methods of the present invention include the steps 
of obtaining cDNA from a plurality of samples for a plurality 
of target sequences; performing a plurality of multiplexed 
ampli?cations of the target sequences, thereby producing a 
plurality of multiplexed ampli?cation products; pooling the 
plurality of multiplexed ampli?cation products; separating 
the plurality of multiplexed ampli?cation products; detect 
ing the plurality of multiplexed ampli?cation products, 
thereby generating a set of gene expression data; storing the 
set of gene expression data in a database; and performing a 
comparative analysis of the set of gene expression data. In 
yet another embodiment, the methods of the present inven 
tion include the steps of (a) obtaining cDNA from multiple 
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samples; (b) amplifying a plurality of target sequences from 
the cDNA, thereby producing a multiplex of ampli?cation 
products; (c) separating and detecting the ampli?cation 
products using a high throughput platform, Wherein detect 
ing generates a set of gene expression data; (d) storing the 
set of gene expression data in a database; and (e) performing 
a comparative analysis of the set of gene expression data. In 
a further embodiment, the present invention provides meth 
ods for analyZing gene expression, including the steps of (a) 
obtaining cells, e.g. culturing one of several designated cell 
lines; (b) optionally subjecting a set of the cultures to a 
speci?ed treatment; (c) lysing the cells and isolating one or 
more RNA molecules; (d) synthesiZing cDNA ?rst strand 
molecules from a designated set of the mRNA molecules; (e) 
quantitatively amplifying the resulting set of cDNAproducts 
using target-speci?c primers in early rounds, coupled With 
amplifying the Whole set by universal primers that have 
partial homology With all of the target-speci?c primers, and 
that contain a detectable label, preferably a ?uorescent 
chromaphore, on at least one of the primers; optionally 
pooling products of tWo or more separate reactions; (g) 
physically separating ampli?ed products according to their 
length; (h) detecting and quantitating the separated ampli 
?cation products, for example, by deconvolution of data 
from any species of the same length (arising from reactions 
that Were pooled); determining the relative abundance 
levels using an internal reference target; storing the 
information in a gene expression database; and (k) perform 
ing a comparative analysis of the expression patterns. Each 
aspect of these methods of the present invention is addressed 
in greater detail beloW. 

[0088] Sources of Target Sequences 

[0089] Target sequences for use in the methods of the 
present invention are obtained from a number of sources. 
For example, the target sequences can be derived from 
organisms or from cultured cell lines. Cell types utiliZed in 
the present invention can be either prokaryotic or eukaryotic 
cell types and/or organisms, including, but not limited to, 
animal cells, plants, yeast, fungi, bacteria, viruses, and the 
like. Target sequences can also be obtained from other 
sources, for example, needle aspirants or tissue samples 
from an organism (including, but not limited to, mammals 
such as mice, rodents, guinea pigs, rabbits, dogs, cats, 
primates and humans; or non-mammalian animals such as 
nematodes, frogs, amphibians, various ?shes such as the 
Zebra ?sh, and other species of scienti?c interest), non 
viable organic samples or their derivatives (such as a cell 
extract or a puri?ed biological sample), or environmental 
sources, such as an air or Water sample. Furthermore, target 
sequences can also be commercially or synthetically pre 
pared, such as a chemical, phage, or plasmid library. DNA 
and/or RNA sequences are available from a number of 
commercial sources, including The Midland Certi?ed 
Reagent Company (mcrc@oligos.com), The Great Ameri 
can Gene Company (http://WWW.genco.com), ExpressGen 
Inc. (WWW.expressgen.com), Operon Technologies Inc. 
(Alameda, Calif.) and many others. 

[0090] Cell lines Which can be used in the methods of the 
present invention include, but are not limited to, those 
available from cell repositories such as the American Type 
Culture Collection (WWW.atcc.org), the World Data Center 
on Microorganisms (http://Wdcm.nig.ac.jp), European Col 
lection of Animal Cell Culture (WWW.ecacc.org) and the 
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Japanese Cancer Research Resources Bank (http://cell 
bank.nihs.go.jp). These cell lines include, but are not limited 
to, the following cell lines: 293, 293Tet-Off, CHO-AA8 
Tet-Off, MCF7, MCF7 Tet-Off, LNCap, T-5, BSC-1, BHK 
21, Phinx-A, 3T3, HeLa, PC3, DU145, ZR 75-1, HS 578-T, 
DBT, Bos, CV1, L-2, RK13, HTTA, HepG2, BHK-Jurkat, 
Daudi, RAMOS, KG-1, K562, U937, HSB-2, HL-60, 
MDAHB231, C2C12, HTB-26, HTB-129, HPIC5, A-431, 
CRL-1573, 3T3L1, Cama-1, J774A.1, HeLa 229, PT-67, 
Cos7, OST7, HeLa-S, THP-1, and NXA. Additional cell 
lines for use in the methods and matrices of the present 
invention can be obtained, for example, from cell line 
providers such as Clonetics Corporation (Walkersville, Md.; 
WWW.clonetics.com). Optionally, the plurality of target 
sequences are derived from cultured cells optimiZed for the 
analysis of a particular disease area of interest, e.g., cancer, 
in?ammation, cardiovascular disease, diabetes, infectious 
diseases, proliferative diseases, an immune system disorder, 
or a central nervous system disorder. 

[0091] Avariety of cell culture media are described in The 
Handbook of Microbiological Media, Atlas and Parks (eds) 
(1993, CRC Press, Boca Raton, Fla.). References describing 
the techniques involved in bacterial and animal cell culture 
include Sambrook et al., Molecular Cloning—A Laboratory 
Manual (2nd Ed.), Vol. 1-3 (1989, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY); Current Protocols in 
Molecular Biology, F. M. Ausubel et al., eds., Current 
Protocols, (a joint venture betWeen Greene Publishing Asso 
ciates, Inc. and John Wiley & Sons, Inc., supplemented 
through 2000); Freshney, Culture ofAnimal Cells, a Manual 
of Basic Technique, third edition (1994, Wiley-Liss, NeW 
York) and the references cited therein; Humason, Animal 
Tissue Techniques, fourth edition (1979, W. H. Freeman and 
Company, NeW York); and Ricciardelli, et al. (1989) In Vitro 
Cell Dev. Biol. 25:1016-1024. Information regarding plant 
cell culture can be found in Plant Cell and Tissue Culture in 
Liquid Systems, by Payne et al. (1992, John Wiley & Sons, 
Inc. NeW York, NY); Plant Cell, Tissue and Organ Culture: 
Fundamental Methods by Gamborg and Phillips, eds. (1995, 
Springer Lab Manual, Springer-Verlag, Berlin), and is also 
available in commercial literature such as the Life Science 
Research Cell Culture Catalogue (1998) from Sigma-Ald 
rich, Inc (St Louis, Mo.) (Sigma-LSRCCC) and the Plant 
Culture Catalogue and supplement (1997) also from Sigma 
Aldrich, Inc (St Louis, Mo.) (Sigma-PCCS). 
[0092] In an exemplary embodiment of methods of the 
present invention, either primary or immortaliZed (or other) 
cell lines are groWn in a master ?ask, then trypsiniZed (if 
they are adherent) and transferred to a 96-Well plate, seeding 
each Well at a density of 104 to 106 cells/Well. If the gene 
expression pro?le in response to a chemical treatment is 
sought, the chemical agent of choice is prepared in a range 
of concentrations. After a time of recovery and groWth as 
appropriate to the cell line, cells are exposed to the chemical 
for a period of time that Will not adversely impact the 
viability of the cells. Preferably, assays include a range of 
chemical concentrations and exposure times, and Would 
include replicate samples. After treatment, medium is 
removed and cells are immediately lysed. 

[0093] In further embodiments of cell culture, formats 
other than a 96-Well plate may be used. Other multiWell or 
microplate formats containing various numbers of Wells, 
such as 6, 12, 48, 384, 1536 Wells, or greater, are also 
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contemplated. Culture formats that do not use conventional 
?asks, as Well as microtiter formats, may also be used. 

[0094] Treatment of Cells 

[0095] The cells lines or sources containing the target 
nucleic acid sequences, are optionally subjected to one or 
more speci?c treatments, or in the case of organisms, may 
already be in different pathological or physiological stages 
that induce changes in gene expression. For example, a cell 
or cell line can be treated With or exposed to one or more 

chemical or biochemical constituents, e.g., pharmaceuticals, 
pollutants, DNA damaging agents, oxidative stress-inducing 
agents, pH-altering agents, membrane-disrupting agents, 
metabolic blocking agent; a chemical inhibitors, cell surface 
receptor ligands, antibodies, transcription promoters/en 
hancers/inhibitors, translation promoters/enhancers/inhibi 
tors, protein-stabiliZing or destabiliZing agents, various tox 
ins, carcinogens or teratogens, characteriZed or 
uncharacteriZed chemical libraries, proteins, lipids, or 
nucleic acids. Optionally, the treatment comprises an envi 
ronmental stress, such as a change in one or more environ 
mental parameters including, but not limited to, temperature 
(eg heat shock or cold shock), humidity, oxygen concen 
tration (e.g., hypoxia), radiation exposure, culture medium 
composition, or groWth saturation. Alternatively, cultured 
cells may be exposed to other viable organisms, such as 
pathogens or other cells, to study changes in gene-expres 
sion that result from biological events, such as infections or 
cell-cell interactions. Responses to these treatments may be 
folloWed temporally, and the treatment can be imposed for 
various times and at various concentrations. Target 
sequences can also be derived from cells or organisms 
exposed to multiple speci?c treatments as described above, 
either concurrently or in tandem (i.e., a cancerous tissue 
sample may be further exposed to a DNA damaging agent 
While groWn in an altered medium composition). 

[0096] RNA Isolation 

[0097] In some embodiments of the present invention, 
total RNA is isolated from samples for use as target 
sequences. Cellular samples are lysed once culture With or 
Without the treatment is complete by, for example, removing 
groWth medium and adding a guanidinium-based lysis buffer 
containing several components to stabiliZe the RNA. In 
some embodiments of the present invention, the lysis buffer 
also contains puri?ed RNAs as controls to monitor recovery 
and stability of RNA from cell cultures. Examples of such 
puri?ed RNA templates include the Kanamycin Positive 
Control RNA from Promega (Madison, Wis.), and 7.5 kb 
Poly(A)-Tailed RNA from Life Technologies (Rockville, 
Md.). Lysates may be used immediately or stored froZen at, 
e.g., —80° C. 

[0098] Optionally, total RNA is puri?ed from cell lysates 
(or other types of samples) using silica-based isolation in an 
automation-compatible, 96-Well format, such as the Rne 
asy® puri?cation platform (Qiagen, Inc.; Valencia, Calif.). 
Alternatively, RNA is isolated using solid-phase oligo-dT 
capture using oligo-dT bound to microbeads or cellulose 
columns. This method has the added advantage of isolating 
mRNA from genomic DNA and total RNA, and alloWing 
transfer of the mRNA-capture medium directly into the 
reverse transcriptase reaction. Other RNA isolation methods 
are contemplated, such as extraction With silica-coated 
beads or guanidinium. Further methods for RNA isolation 
and preparation can be devised by one skilled in the art. 
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[0099] Alternatively, the methods of the present invention 
are performed using crude cell lysates, eliminating the need 
to isolate RNA. RNAse inhibitors are optionally added to the 
crude samples. When using crude cellular lysates, genomic 
DNA could contribute one or more copies of target 
sequence, depending on the sample. In situations in Which 
the target sequence is derived from one or more highly 
expressed genes, the signal arising from genomic DNA may 
not be signi?cant. But for genes expressed at very loW 
levels, the background can be eliminated by treating the 
samples With DNAse, or by using primers that target splice 
junctions. For example, one of the tWo target-speci?c prim 
ers could be designed to span a splice junction, thus exclud 
ing DNA as a template. As another example, the tWo 
target-speci?c primers are designed to ?ank a splice junc 
tion, generating larger PCR products for DNA or unspliced 
mRNA templates as compared to processed mRNA tem 
plates. One skilled in the art could design a variety of 
specialiZed priming applications that Would facilitate use of 
crude extracts as samples for the purposes of this invention. 

[0100] Primer Design and Multiplex Strategies 

[0101] Multiplex ampli?cation of the target sequence 
involves combining the plurality of target sequences With a 
plurality of target-speci?c primers and one or more universal 
primers, to produce a plurality of ampli?cation products. A 
multiplex set of target sequences optionally comprises 
betWeen about tWo targets and about 100 targets. In one 
embodiment of the present invention, the multiplex reaction 
includes at least 5 target sequences, but preferably at least 
ten targets or at least ?fteen targets. Multiplexes of much 
larger numbers (e.g., about 20, about 50, about 75 and 
greater) are also contemplated. 

[0102] In one embodiment of the methods of the present 
invention, at least one of the ampli?cation targets in the 
multiplex set is a transcript that is endogenous to the sample 
and has been independently shoWn to exhibit a fairly con 
stant expression level (for example, a “housekeeping” gene). 
The signal from this endogenous reference sequence pro 
vides a control for converting signals of other gene targets 
into relative expression levels. Optionally, a plurality of 
control mRNA targets/reference sequences that have rela 
tively constant expression levels may be included in the 
multiplexed ampli?cation to serve as controls for each other. 
Alternatively, a de?ned quantity of an exogenous puri?ed 
RNA species is added to the multiplex reaction or to the 
cells, for example, With the lysis reagents. Almost any 
puri?ed, intact RNA species can be used, eg the Kanamy 
cin Positive Control RNA or the 7.5 kb Poly(A)-Tailed RNA 
mentioned previously. This exogenously-added ampli?ca 
tion target provides a Way to monitor the recovery and 
stability of RNA from cell cultures. It can also serve as an 
exogenous reference signal for converting the signals 
obtained from the sample mRNAs into relative expression 
levels. In still another embodiment, a de?ned quantity of a 
puri?ed DNA species is added to the PCR to provide an 
exogenous reference target for converting the signals 
obtained from sample mRNA targets into relative expression 
levels. 

[0103] In one embodiment of the present invention, once 
the targets that comprise a multiplex set are determined, 
primer pairs complementary to each target sequence are 
designed, including both target-speci?c and universal prim 
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ers. This can be accomplished using any of several softWare 
products that design primer sequences, such as OLIGO 
(Molecular Biology Insights, Inc., CO), Gene Runner (Hast 
ings SoftWare Inc., NY), or Primer3 (The Whitehead Insti 
tute, MA). FIG. 1 illustrates the elements of design of 
exemplary target-speci?c primers (TSPs) and universal 
primers (UPs). Target speci?c primers (TSP1, TSP2, TSP3, 
TSP4 and TSP5) are comprised of at least tWo portions. One 
portion, shoWn as a solid line Within the 5‘ region of each of 
the ?ve TSP sequences, includes a region complementary to 
a selected “universal sequence.” The universal sequence is 
utiliZed to alloW ampli?cation of multiple targets (having 
divergent sequences) While using the same primer (e.g., the 
UP). The universal sequence is contained only in the prim 
ers, and preferably is not present in any nucleic acid (or 
complement thereof) provided by the sample being tested. A 
second portion of the TSPs, shoWn as variable lines (solid, 
dotted, dashed, etc) Within the 3‘ region of the sequence, 
represents the sequence that is complementary to and Will 
hybridiZe With one of a plurality of designated target 
sequences In FIG. 1, a single universal primer (labeled as 
“UP”) is depicted; hoWever, multiple universal primers 
having different or unique sequences or labels can be 
employed in the methods of the present invention. Option 
ally, the primer design also includes consideration of prop 
erties beyond the encoded sequence of the primer, such as 
annealing temperature, 3‘-end hybridiZation stability, and 
minimiZation of sequences that Would alloW annealing 
among the primers themselves. 

[0104] Oligonucleotide primers are typically prepared by 
the phosphoramidite approach. In this automated, solid 
phase procedure, each nucleotide is individually added to 
the 5‘-end of the groWing oligonucleotide chain, Which is in 
turn attached at the 3‘-end to a solid support. The added 
nucleotides are in the form of trivalent 3‘-phosphoramidites 
that are protected from polymeriZation by a dimethoxytrityl 
(“DMT”) group at the 5‘-position. After base induced phos 
phoramidite coupling, mild oxidation to give a pentavalent 
phosphotriester intermediate and DMT removal provides a 
neW site for oligonucleotide elongation. These syntheses 
may be performed on, for example, a Perkin Elmer/Applied 
Biosystems Division DNA synthesiZer. The oligonucleotide 
primers are then cleaved off the solid support, and the 
phosphodiester and exocyclic amino groups are deprotected 
With ammonium hydroxide. 

[0105] Nucleic Acid Hybridization 

[0106] The length of complementary sequence betWeen 
each primer and its binding partner (ie the target sequence 
or the universal sequence) should be suf?cient to alloW 
hybridiZation of the primer only to its target Within a 
complex sample at the annealing temperature used for the 
PCR. A complementary sequence of, for example, about 15, 
16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 or more nucleotides 
is preferred for both the target-speci?c and universal regions 
of the primers. A particularly preferred length of each 
complementary region is about 20 bases, Which Will pro 
mote formation of stable and speci?c hybrids betWeen the 
primer and target. 

[0107] Nucleic acids “hybridize” When they associate, 
typically in solution. Nucleic acids hybridiZe due to a variety 
of Well characteriZed physico-chemical forces, such as 
hydrogen bonding, solvent exclusion, base stacking and the 
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like. An extensive guide to the hybridization of nucleic acids 
is found in Tijssen (1993) Laboratory Techniques in Bio 
chemistry and Molecular Biology—Hybria'ization with 
Nucleic Acid Probes, part I, chapter 2, “Overview of prin 
ciples of hybridization and the strategy of nucleic acid probe 
assays,” (Elsevier, N.Y.), as Well as in Ausubel, supra. 
Hames and Higgins (1995) Gene Probes 1, IRL Press at 
Oxford University Press, Oxford, England (Hames and 
Higgins 1) and Hames and Higgins (1995) Gene Probes 2, 
IRL Press at Oxford University Press, Oxford, England 
(Hames and Higgins 2) provide details on the synthesis, 
labeling, detection and quanti?cation of DNA and RNA, 
including oligonucleotides. 

[0108] “Stringent hybridiZation Wash conditions” in the 
context of nucleic acid hybridiZation experiments, such as 
Southern and northern hybridiZations, are sequence depen 
dent, and are different under different environmental param 
eters. An extensive guide to the hybridiZation of nucleic 
acids is found in Tijssen (1993), supra, and in Hames and 
Higgins 1 and Hames and Higgins 2, supra. 

[0109] For purposes of the present invention, generally, 
“highly stringent” hybridiZation and Wash conditions are 
selected to be about 5° C. or less loWer than the thermal 
melting point (Tm) for the speci?c sequence at a de?ned 
ionic strength and pH (as noted beloW, highly stringent 
conditions can also be referred to in comparative terms). The 
Trn is the temperature (under de?ned ionic strength and pH) 
at Which 50% of the test sequence hybridiZes to a perfectly 
matched primer. Very stringent conditions are selected to be 
equal to the Trn for a particular primer. 

[0110] The Trn is the temperature of the nucleic acid 
duplexes indicates the temperature at Which the duplex is 
50% denatured under the given conditions and its represents 
a direct measure of the stability of the nucleic acid hybrid. 
Thus, the Trn corresponds to the temperature corresponding 
to the midpoint in transition from helix to random coil; it 
depends on length, nucleotide composition, and ionic 
strength for long stretches of nucleotides. 

[0111] After hybridiZation, unhybridiZed nucleic acid 
material can be removed by a series of Washes, the strin 
gency of Which can be adjusted depending upon the desired 
results. LoW stringency Washing conditions (e.g., using 
higher salt and loWer temperature) increase sensitivity, but 
can product nonspeci?c hybridiZation signals and high back 
ground signals. Higher stringency conditions (e.g., using 
loWer salt and higher temperature that is closer to the 
hybridiZation temperature) loWers the background signal, 
typically With only the speci?c signal remaining. See, Rap 
ley, R. and Walker, J. M. eds., Molecular Biomethoa's 
Handbook (Humana Press, Inc. 1998) (hereinafter “Rapley 
and Walker”), Which is incorporated herein by reference in 
its entirety for all purposes. 

[0112] Thus, one measure of stringent hybridiZation is the 
ability of the primer to hybridiZe to one or more of the target 
nucleic acids (or complementary polynucleotide sequences 
thereof) under highly stringent conditions. Stringent hybrid 
iZation and Wash conditions can easily be determined 
empirically for any test nucleic acid. 

[0113] For example, in determining highly stringent 
hybridiZation and Wash conditions, the hybridiZation and 
Wash conditions are gradually increased (e.g., by increasing 
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temperature, decreasing salt concentration, increasing deter 
gent concentration and/or increasing the concentration of 
organic solvents, such as formalin, in the hybridiZation or 
Wash), until a selected set of criteria are met. For example, 
the hybridiZation and Wash conditions are gradually 
increased until a target nucleic acid, and complementary 
polynucleotide sequences thereof, binds to a perfectly 
matched complementary nucleic acid. 

[0114] A target nucleic acid is said to speci?cally hybrid 
iZe to a primer nucleic acid When it hybridiZes at least 1/2 as 
Well to the primer as to a perfectly matched complementary 
target, i.e., With a signal to noise ratio at least 1/2 as high as 
hybridiZation of the primer to the target under conditions in 
Which the perfectly matched primer binds to the perfectly 
matched complementary target With a signal to noise ratio 
that is at least about 2.5><-10><, typically 5><-10>< as high as 
that observed for hybridiZation to any of the unmatched 
target nucleic acids. 

[0115] Optionally, primers are designed such that the 
annealing temperature of the universal sequence is higher/ 
greater than that of the target-speci?c sequences. Method 
employing these primers further include increasing the 
annealing temperature of the reaction after the ?rst feW 
rounds of ampli?cation. This increase in reaction tempera 
ture suppresses further ampli?cation of sample nucleic acids 
by the TSPs, and drives ampli?cation by the UP. Depending 
on the application envisioned, one skilled in the art can 
employ varying conditions of hybridiZation to achieve vary 
ing degrees of selectivity of primer toWards the target 
sequence. For example, varying the stringency of hybrid 
iZation or the position of primer hybridiZation can reveal 
divergence Within gene families. 

[0116] Optionally, each candidate primer is shoWn or 
proven to be compatible With the other primers used in a 
multiplex reaction. In a preferred embodiment, each target 
speci?c primer pair produces a single ampli?cation product 
of a predicted siZe from a sample minimally containing all 
of the targets of the multiplex, and more preferably from a 
crude RNA mixture. Preferably, ampli?cation of each indi 
vidual target by its corresponding primers is not inhibited by 
inclusion of any other primers in the multiplex. None of the 
primers, either individually or in combination, should pro 
duce spurious products. These issues are easily addressed by 
one of skill in the art Without the need for excessive undue 
experimentation. 

[0117] 
[0118] Primer sequences are optionally designed to 
accommodate one or more detection techniques that can be 
employed While performing the methods of the present 
invention. For example, detection of the ampli?cation prod 
ucts is optionally based upon one or more inherent proper 
ties of the ampli?cation products themselves, such as mass 
or mobility. Other embodiments utiliZe methods of detection 
based on monitoring a label associated With the PCR prod 
ucts. In these embodiments, generally one or more of the 
universal primers contains the label. Optionally, the label is 
a ?uorescent chromaphore. A ?uorescent label may be 
covalently attached, noncovalently intercalated, or may be 
an energy transfer label. Other useful labels include mass 
labels, Which are incorporated into ampli?cation products 
and released after the reaction for detection, chemilumines 
cent labels, electrochemical and infrared labels, isotopic 
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derivatives, nanocrystals, or any of various enZyme-linked 
or substrate-linked labels detected by the appropriate enZy 
matic reaction. 

[0119] One preferred embodiment of the methods of the 
present invention includes the use and detection of one or 
more ?uorescent labels. Generally, ?uorescent molecules 
each display a distinct emission spectrum, thereby alloWing 
one to employ a plurality of ?uorescent labels in a multi 
plexed reaction, and then separate the mixed data into its 
component signals by spectral deconvolution. Exemplary 
?uorescent labels for use in the methods of the present 
invention include a single dye covalently attached to the 
molecule being detected, a single dye noncovalently inter 
calated into product DNA, or an energy-transfer ?uorescent 
label. 

[0120] Other embodiments of labeling include mass 
labels, Which are incorporated into ampli?cation products 
and released after the reaction for detection; chemilumines 
cent, electrochemical, and infrared labels; radioactive iso 
topes; and any of various enZyme-linked or substrate-linked 
labels detectable by the appropriate enZymatic reaction. 
Many other useful labels are knoWn in the art, and one 
skilled in the art can envision additional strategies for 
labeling ampli?cation products of the present invention. 

[0121] Cleavable Linkages and Size-Shifting of Ampli? 
cation Products 

[0122] Primers can also be designed to produce ampli? 
cation products having siZes Which can selectively be 
changed, or “shifted” after ampli?cation, in order to better 
resolve the ampli?cation products prior to or during detec 
tion. For example, a primer can be designed to incorporate 
a restriction enZyme site Within a portion of the ampli?ed 
product. The products of this reaction can then optionally be 
cleaved enZymatically to generate siZe-shifted ampli?cation 
products. Alternatively, primers can be designed to incor 
porate various chemically-cleavable linkages, mass labels, 
or other linkers Which can optionally be used in the detection 
of one or more of the ampli?cation products. 

[0123] Linking groups, or linkers, can also be incorporated 
into the primers of the present invention. Linking groups of 
use in the present invention can have a range of structures, 
substituents and substitution patterns. They can, for example 
be derivitiZed With nitrogen, oxygen and/or sulfur contain 
ing groups Which are pendent from, or integral to, the linker 
group backbone. Examples include, polyethers, polyacids 
(polyacrylic acid, polylactic acid), polyols (e.g., glycerol,), 
polyamines (e. g., spermine, spermidine) and molecules hav 
ing more than one nitrogen, oxygen and/or sulfur moiety 
(e.g., 1,3-diamino-2-propanol, taurine). See, for example, 
Sandier et al. Organic Functional Group Preparations 2nd 
Ed., Academic Press, Inc. San Diego 1983. 

[0124] Methods for preparing linkers that can be incorpo 
rated into primers for use in the methods of the present 
invention are knoWn in the art. Numerous linking groups 
compatible With phosphoramidite chemistry are commer 
cially available (Glen Research, Sterling, Va.) and can 
readily be incorporate into oligonucleotides during auto 
mated synthesis procedures. 

[0125] One of skill Will recogniZe that a linker that is 
appropriate for incorporation into a nucleic acid oligomer 
synthesis can also be utiliZed to derivatiZe a nucleic acid 
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monomer. For example, chemically cleavable primers can be 
used in the ampli?cation step of the methods of the present 
invention. In these embodiments, one or more of the primers 
used in ampli?cation contain a chemical linkage, such as a 
thiophosphate moiety, that can be selectively cleaved, gen 
erating tWo separate fragments from the primer. Cleavage is 
optionally performed after the ampli?cation reaction, e.g., 
by removing a ?xed number of nucleotides from the 5‘ end 
of products made from that primer. Design and use of such 
primers is described in detail in, for example, Li et al 
(Electrophoresis (1999) 20:1258-1265), PCT publication 
WO 96/37630 (Monforte et al.) and US. Pat. No. 5,700,642 
(Monforte et al.) and US. Pat. No. 6,090,558 (Butler et al.), 
Which are incorporated herein by reference in their entirety 
for all purposes. 

[0126] Exemplary Primer Designs for Use in a Multi 
plexed Ampli?cation Reaction 

[0127] Apreferred embodiment of the invention utiliZes a 
combination of TSPs that Will hybridiZe With one of a 
plurality of designated target sequences, and universal prim 
ers (UPs) for ampli?cation of multiple targets in the multi 
plexed reaction. Optionally, the primary Way of separating 
the signals of the multiplexed ampli?cation is according to 
product siZes. Alternatively, the signals can be resolved 
using differential labeling to separate signals from products 
of similar siZe. To separate products according to siZe, the 
predicted siZes must be considered in primer design. FIG. 1 
illustrates the elements of design of these primers. Each of 
the TSPs has a universal sequence Within the 5‘ region, 
Which is shared among the primers, but not contained in the 
original template (ie the target sequence). This universal 
sequence may be the same or different for the forWard and 
reverse TSPs. FolloWing the 3‘ end of the universal sequence 
is a target-speci?c sequence for annealing to and amplifying 
the target sequence (e.g., gene) of interest. 

[0128] The universal primer is composed of the universal 
sequence held in common Within the 5‘ regions of the TSPs. 
If a single UP is to be used, the universal sequence Will be 
the same Within all TSPs. If a UP pair is to be used, the 
universal sequence Will be different in the forWard and 
reverse primers of the TSPs. The UP may also contain a 
detectable label on at least one of the primers, such as a 
?uorescent chromaphore. Both the target-speci?c and uni 
versal sequences are of suf?cient length and sequence com 
plexity to form stable and speci?c duplexes, alloWing ampli 
?cation and detection of the target gene. 

[0129] Elimination of Variations in Primer Annealing Ef? 
ciency 

[0130] Variations in primer length and sequence can also 
have a large impact on the ef?ciency With Which primers 
anneal to their target and prime replication. In a typical 
multiplexed reaction in Which each product is ampli?ed by 
a unique primer pair, the relative quantities of ampli?ed 
products may be signi?cantly altered from the relative 
quantities of targets due to difference in annealing ef?cien 
cies. Embodiments of the methods of the present invention 
that couple the use of target-speci?c primers and universal 
primers eliminates this bias, producing ampli?cation prod 
ucts that accurately re?ect relative mRNA levels. 



US 2003/0204322 A1 

[0131] Coupled Target-Speci?c and Universal Priming of 
the PCR 

[0132] In the methods of the present invention, the 
amounts of each designated target are ampli?ed to improve 
the sensitivity and dynamic range of the assay. In some 
embodiments to monitor gene expression, cellular RNA is 
isolated and reverse transcribed to obtain cDNA, Which is 
then used as template for ampli?cation. In other embodi 
ments, cDNA may be provided and used directly. The 
primers described for use in the present invention can be 
used in any one of a number of template-dependent pro 
cesses that amplify sequences of the target gene and/or its 
expressed transcripts present in a given sample. Other types 
of templates may also be used, such as tRNA, rRNA, or 
other transcription products, genomic DNA, viral nucleic 
acids, and synthetic nucleic acid polymers. Several methods 
described beloW are contemplated. 

[0133] A preferred embodiment of the methods of the 
present invention employs PCR, Which is described in detail 
in US. Pat. No. 4,683,195 (Mullis et al.), US. Pat. No. 
4,683,202 (Mullis), and US. Pat. No. 4,800,159 (Mullis et 
al.), and in PCR Protocols A Guide to Methods and Appli 
cations (Innis et al., eds.) Academic Press Inc. San Diego, 
Calif. (1990). PCR utiliZes pairs of primers having 
sequences complimentary to opposite strands of target 
nucleic acids, and positioned such that the primers are 
converging. The primers are incubated With template DNA 
under conditions that permit selective hybridization. Primers 
may be provided in double-stranded or single-stranded form, 
although the single-stranded form is preferred. If the target 
gene(s) sequence is present in a sample, the primers Will 
hybridiZe to form a nucleic-acid:primer complex. An excess 
of deoxynucleoside triphosphates is added, along With a 
thermostable DNA polymerase, e.g. Taq polymerase. If the 
target gene(s):primer complex has been formed, the poly 
merase Will extend the primer along the target gene(s) 
sequence by adding nucleotides. After polymeriZation, the 
neWly-synthesiZed strand of DNA is dissociated from its 
complimentary template strand by raising the temperature of 
the reaction mixture. When the temperature is subsequently 
loWered, neW primers Will bind to each of these tWo strands 
of DNA, and the process is repeated. Multiple cycles of 
raising and loWering the temperature are conducted, With a 
round of replication in each cycle, until a suf?cient amount 
of ampli?cation product is produced. 

[0134] FIG. 2 illustrates the TSP-UP coupled priming 
strategy. Heavier lines represent a DNA template; thinner 
lines depict the oligonucleotide primers. Primer nomencla 
ture is as described in the legend to FIG. 1. The loWer case 
“f” and “r” in the primer names indicate a forWard or reverse 
orientation. Lines “A,”“B,”“C,” and “D” represent unique 
nucleic acid sequences, and “A‘,”“B‘,”“C‘,” and “D‘” indi 
cate their respective complementary sequences. “B” and “C” 
sequences derive from the template; “A” and “D” sequences 
derive from universal primer sequences. ArroWheads indi 
cate directionality. Avertical bar indicates an endpoint of the 
DNA strand. The ?rst set of reactions (?rst arroW) occur in 
the early PCR cycles (for example, in only the ?rst and 
second PCR cycles); in these reaction, primarily the TSPs 
are used as primers, and the resulting products Will have UP 
sequences added to both ends, ?anking the ampli?ed target 
sequence. The second set of reactions (second, reiterative 
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arroW) occur in all subsequent PCR cycles; both TSP and UP 
primers are used, but the UPs dominate When present in 
molar excess over the TSPs. 

[0135] In early rounds of the ampli?cation, replication is 
primed primarily by the TSPs. The ?rst round Will add the 
universal sequence to the 5‘ regions of the ampli?cation 
products. The second cycle Will generate sequence comple 
mentary to the universal sequence Within the 3‘ region of the 
complementary strand, creating a template that can be 
ampli?ed by the universal primers alone. Optionally, the 
reaction is designed to contain limiting amounts of each of 
the TSPs and a molar excess of the UP, such that the UP Will 
generally prime replication once its complementary 
sequence has been established in the template. The molar 
excess of UP over a TSP can range from about 5:1 to about 
100: 1; optionally, the reaction utiliZes approximately 10:1 
molar excess of UP over the amount of each TSP. Because 
all of the TSPs contain the same universal sequence, the 
same universal primer Will amplify all targets in the multi 
plex, eliminating the quantitative variation that results from 
ampli?cation from different primers. 

[0136] Ampli?cation Methods 

[0137] In a preferred embodiment of the methods of the 
present invention, RNA is converted to cDNA using a 
target-speci?c primer complementary to the RNA for each 
gene target being monitored in the multiplex set in a 
reverse-transcription (RT) reaction. Methods of reverse tran 
scribing RNA into cDNA are Well knoWn, and described in 
Sambrook, supra. Alternative methods for reverse transcrip 
tion utiliZe thermostable DNA polymerases, as described in 
the art. As an exemplary embodiment, avian myeloblastosis 
virus reverse transcriptase (AMV-RT), or Maloney murine 
leukemia virus reverse transcriptase (MoMLV-RT) is used, 
although other enZymes are contemplated. An advantage of 
using target-speci?c primers in the RT reaction is that only 
the desired sequences are converted into a PCR template. No 
super?uous primers or cDNA products are carried into the 
subsequent PCR ampli?cation. 

[0138] In another embodiment of the amplifying step, 
RNA targets are reverse transcribed using non-speci?c prim 
ers, such as an anchored oligo-dT primer, or random 
sequence primers. An advantage of this embodiment is that 
the “unfractionated” quality of the mRNA sample is main 
tained because the sites of priming are non-speci?c, i.e., the 
products of this RT reaction Will serve as template for any 
desired target in the subsequent PCR ampli?cation. This 
alloWs samples to be archived in the form of DNA, Which is 
more stable than RNA. 

[0139] In other embodiments of the methods of the present 
invention, transcription-based ampli?cation systems (TAS) 
are used, such as that ?rst described by KWoh et al. (Proc. 
Natl. Acad. Sci. (1989) 86(4):1173-7), or isothermal tran 
scription-based systems such as 3SR (Self-Sustained 
Sequence Replication; Guatelli et al. (1990) Proc. Natl. 
Acad. Sci. 87: 1874-1878) or NASBA (nucleic acid sequence 
based ampli?cation; Kievits et al. (1991) J Virol Methods. 
35(3):273-86). In these methods, the mRNA target of inter 
est is copied into cDNA by a reverse transcriptase. The 
primer for cDNA synthesis includes the promoter sequence 
of a designated DNA-dependent RNA polymerase 5‘ to the 
primer’s region of homology With the template. The result 
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ing cDNA products can then serve as templates for multiple 
rounds of transcription by the appropriate RNA polymerase. 
Transcription of the cDNA template rapidly ampli?es the 
signal from the original target mRNA. The isothermal 
reactions bypass the need for denaturing cDNA strands from 
their RNA templates by including RNAse H to degrade RNA 
hybridiZed to DNA. 

[0140] In other embodiments, ampli?cation is accom 
plished by used of the ligase chain reaction (LCR), disclosed 
in European Patent Application No. 320,308 (Backman and 
Wang), or by the ligase detection reaction (LDR), disclosed 
in US. Pat. No. 4,883,750 (Whiteley et al.). In LCR, tWo 
probe pairs are prepared, Which are complimentary each 
other, and to adjacent sequences on both strands of the 
target. Each pair Will bind to opposite strands of the target 
such that they abut. Each of the tWo probe pairs can then be 
linked to form a single unit, using a thermostable ligase. By 
temperature cycling, as in PCR, bound ligated units disso 
ciate from the target, then both molecules can serve as 
“target sequences” for ligation of excess probe pairs, pro 
viding for an exponential ampli?cation. The LDR is very 
similar to LCR. In this variation, oligonucleotides compli 
mentary to only one strand of the target are used, resulting 
in a linear ampli?cation of ligation products, since only the 
original target DNA can serve as a hybridiZation template. It 
is used folloWing a PCR ampli?cation of the target in order 
to increase signal. 

[0141] In further embodiments, several methods generally 
knoWn in the art Would be suitable methods of ampli?cation. 
Some additional examples include, but are not limited to, 
strand displacement ampli?cation (Walker et al. (1992) 
Nucleic Acids Res. 20:1691-1696), repair chain reaction 
(REF), cyclic probe reaction (REF), solid-phase ampli?ca 
tion, including bridge ampli?cation (Mehta and Singh 
(1999) BioTechniques 26(6): 1082-1086), rolling circle 
ampli?cation (Kool, US. Pat. No. 5,714,320), rapid ampli 
?cation of cDNA ends (Frohman (1988) Proc. Natl. Acad. 
Sci. 85: 8998-9002), and the “invader assay” (Grif?n et al. 
(1999) Proc. Natl. Acad. Sci. 96: 6301-6306). 
[0142] Attenuation of Strong Signals 
[0143] The set of targets included in a multiplex reaction 
generally all yield signal strengths Within the dynamic range 
of the detection platform used in order for quantitation of 
gene expression to be accurate. In some embodiments, it 
may be desirable or necessary to include a very highly 
expressed gene in a multiplex assay. HoWever, the highly 
expressed gene can impact the accuracy of quantitation for 
other genes expressed at very loW levels if its signal is not 
attenuated. The methods of the current invention provide 
Ways for attenuating the signals of relatively abundant 
targets during the ampli?cation reaction such that they can 
be included in a multiplexed set Without impacting the 
accuracy of quantitation of that set. 

[0144] ToWard this end, ampli?cation primers are option 
ally used that block polymerase extension of the 3‘ end of the 
primer. One preferred embodiment is modi?cation of the 
3‘-hydroxyl of the oligonucleotide primer by addition of a 
phosphate group. Another preferred embodiment is attach 
ment of the terminal nucleotide via a 3‘-3‘ linkage. One 
skilled in the art can conceive of other chemical structures 
or modi?cations that can be used for this purpose. The 
modi?ed and the corresponding unmodi?ed primer for the 
highly abundant target are mixed in a ratio empirically 
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determined to reduce that target’s signal, such that it falls 
Within the dynamic range of other targets of the multiplex. 
Preferably, the reverse target-speci?c primer is modi?ed, 
thereby attenuating signal by reduction of the amount of 
template created in the reverse transcriptase reaction. 

[0145] Another embodiment for signal attenuation entails 
use of a target-speci?c primer that contains the target 
speci?c sequence, but no universal primer sequence. This 
abbreviated primer (sans universal sequence) and the cor 
responding primer containing the universal sequence Within 
the 5‘ region are mixed in a ratio empirically determined to 
reduce that target’s signal, such that it then falls Within the 
dynamic range of other targets of the multiplex system. 

[0146] Multiplex Ampli?cation Strategies 
[0147] An important embodiment of the methods of the 
present invention involves the use of various PCR multi 
plexing strategies that are made possible by the combined 
use of target-speci?c and universal primers. An illustration 
of the fundamental multiplexed reaction is shoWn in FIG. 3. 

[0148] The numbers 1 through 6 on the left represent six 
different reactions occurring simultaneously in a single 
mixture. Column Arepresents the six target sequences of the 
multiplex. Column B depicts the templates and primers in 
the PCR ampli?cation. Lines shoWn as parallel and having 
opposite directionality represent complementary sequences. 
The templates are initially single-stranded mRNA mol 
ecules, but eventually are predominantly DNA ampli?cation 
products that serve as template in subsequent cycles. Mes 
senger RNA is converted to cDNA by the action of reverse 
transcriptase polymeriZation from the target-speci?c reverse 
primers (TSPr1-6) for each of the six targets. The six 
target-speci?c forWard primers (TSPf1-6) and the universal 
forWard and reverse primers (UPf1-6, UPr1-6) are added 
along With a thermostable polymerase to generate the second 
strand of cDNA, folloWed by PCR ampli?cation. The draW 
ings in Column B shoW single-stranded templates With the 
TSPs aligned (depicted as parallel) at their sites of hybrid 
iZation. The UP can anneal to target DNA only after its 
complementary universal sequence is added to the opposite 
strand through replication across the 5‘ region of the TSP. 
Column C shoWs the products of PCR ampli?cation. Prod 
ucts contain the target sequences (TS1-6) that Were the 
targets of ampli?cation, ?anked by the universal primer 
sequences (UP) that Were added to the ends of the target 
sequences by the target-speci?c primers. The TSPf and TSPr 
primers are speci?c, so by de?nition they Will all be unique. 
HoWever, the tWo universal primers may be the same 
sequence as each other or different sequences, i.e., the UPf 
may be the same sequence as the UPr. Furthermore, subsets 
of target sequences in the multiplex set may be ampli?ed by 
different UPs, i.e., the UPf1-6 primers and/or UPr1-6 prim 
ers may be of one or multiple sequences. 

[0149] All of these examples are variations on the funda 
mental RT-PCR assay shoWn in FIG. 3. For the sake of 
simplicity, only strategies using ?uorescent dyes are illus 
trated, although many of the other labeling strategies pre 
viously discussed could be applied. 

[0150] Data Collection 

[0151] The number of species than can be detected Within 
a mixture depends primarily on the resolution capabilities of 
the separation platform used, and the detection methodology 
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employed. Apreferred embodiment of the separation step of 
the methods of the present invention is based upon siZe 
based separation technologies. Once separated, individual 
species are detected and quantitated by either inherent 
physical characteristics of the molecules themselves, or 
detection of a label associated With the DNA. 

[0152] Embodiments employing other separation methods 
are also described. For example, certain types of labels alloW 
resolution of tWo species of the same mass through decon 
volution of the data. Non-siZe based differentiation methods 
(such as deconvolution of data from overlapping signals 
generated by tWo different ?uorophores) alloW pooling of a 
plurality of multiplexed reactions to further increase 
throughput. 
[0153] Optionally, the throughput rate for the detection 
step is betWeen about 100 and 5000 samples per hour, 
preferably betWeen about 250 and 2500 samples, and more 
preferably about 1000 samples per hour per separation 
system (i.e., one mass spectrometer, one lane of a gel, or one 
capillary of a capillary electrophoresis device). In order to 
further reduce assay costs and increase the throughput of the 
overall process, sample-handling is optionally conducted in 
a miniaturiZed format. For the methods of the present 
invention, miniaturiZed formats are those conducted at sub 
microliter volumes, including both micro?uidic and nanof 
luidic platforms. Any or all of the ampli?cation, separation, 
and/or detection steps of the present can utiliZe miniaturiZed 
formats and platforms. For example, many of the modes of 
separation described beloW are presently available in a 
miniaturiZed scale. 

[0154] Separation Methods 

[0155] Preferred embodiments of the present invention 
incorporate a step of separating the products of a reaction 
based on their siZe differences. The PCR products generated 
during the multiplex ampli?cation optionally range from 
about 50 to about 500 bases in length, Which can be resolve 
from one another by siZe. Any one of several devices may 
be used for siZe separation, including mass spectrometry, 
any of several electrophoretic devices, including capillary, 
polyacrylamide gel, or agarose gel electrophoresis, or any of 
several chromatographic devices, including column chro 
matography, HPLC, or FPLC. 

[0156] One preferred embodiment for sample analysis is 
mass spectrometry. Several modes of separation that deter 
mine mass are possible, including Time-of-Flight (TOF), 
Fourier Transform Mass Spectrometry (FFMS), and qua 
druple mass spectrometry. Possible methods of ioniZation 
include Matrix-Assisted Laser Desorption and IoniZation 
(MALDI) or Electrospray IoniZation (ESI). A preferred 
embodiment for the uses described in this invention is 
MALDI-TOF (Wu, et al. (1993) Rapid Communications in 
Mass Spectrometry 7: 142-146). This method may be used 
to provide unfragmented mass spectra of mixed-base oligo 
nucleotides containing betWeen about 1 and about 1000 
bases. In preparing the sample for analysis, the analyte is 
mixed into a matrix of molecules that resonantly absorb light 
at a speci?ed Wavelength. Pulsed laser light is then used to 
desorb oligonucleotide molecules out of the absorbing solid 
matrix, creating free, charged oligomers and minimiZing 
fragmentation. The preferred solid matrix material for this 
purpose is 3-hydroxypicolinic acid (Wu, supra), although 
others are contemplated. 
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[0157] In another preferred embodiment, the device of the 
invention is a microcapillary for analysis of nucleic acids 
obtained from the sample. Microcapillary electrophoresis 
generally involves the use of a thin capillary or channel, 
Which may optionally be ?lled With a particular medium to 
improve separation, and employs an electric ?eld to separate 
components of the mixture as the sample travels through the 
capillary. Samples composed of linear polymers of a ?xed 
charge-to-mass ratio, such as DNA, Will separate based on 
siZe. The high surface to volume ratio of these capillaries 
alloWs application of very high electric ?elds across the 
capillary Without substantial thermal variation, consequently 
alloWing very rapid separations. When combined With con 
focal imaging methods, these methods provide sensitivity in 
the range of attomoles, comparable to the sensitivity of 
radioactive sequencing methods. The use of microcapillary 
electrophoresis in siZe separation of nucleic acids has been 
reported in Woolley and Mathies (Proc. Natl. Acad. Sci. 
USA (1994) 91:11348-11352). 
[0158] Capillaries are optionally fabricated from fused 
silica, or etched, machined, or molded into planar substrates. 
In many microcapillary electrophoresis methods, the capil 
laries are ?lled With an appropriate separation/sieving 
matrix. Several sieving matrices are knoWn in the art that 
may be used for this application, including, e.g., hydroxy 
ethyl cellulose, polyacrylamide, agarose, and the like. Gen 
erally, the speci?c gel matrix, running buffers and running 
conditions are selected to obtain the separation required for 
a particular application. Factors that are considered include, 
e.g., siZes of the nucleic acid fragments, level of resolution, 
or the presence of undenatured nucleic acid molecules. For 
example, running buffers may include agents such as urea to 
denature double-stranded nucleic acids in a sample. 

[0159] Micro?uidic systems for separating molecules such 
as DNA and RNA are commercially available and are 
optionally employed in the methods of the present invention. 
For example, the “Personal Laboratory System” and the 
“High Throughput System” have been developed by Caliper 
Technologies, Corp. (Mountain VieW, Calif.). The Agilent 
2100, Which uses Caliper Technologies’ LabChipTM microf 
luidic systems, is available from Agilent Technologies (Palo 
Alto, Calif.). Currently, specialiZed micro?uidic devices 
Which provide for rapid separation and analysis of both 
DNA and RNA are available from Caliper Technologies for 
the Agilent 2100. See, e.g., http://WWW.calipertech.com. 

[0160] Other embodiments are generally knoWn in the art 
for separating PCR ampli?cation products by electrophore 
sis through gel matrices. Examples include polyacrylamide, 
agarose-acrylamide, or agarose gel electrophoresis, using 
standard methods (Sambrook, supra). 

[0161] Alternatively, chromatographic techniques may be 
employed for resolving ampli?cation products. Many types 
of physical or chemical characteristics may be used to effect 
chromatographic separation in the present invention, includ 
ing adsorption, partitioning (such as reverse phase), ion 
exchange, and siZe exclusion. Many specialiZed techniques 
have been developed for their application including methods 
utiliZing liquid chromatography or HPLC (KatZ and Dong 
(1990) BioTechniques 8(5):546-55; Gaus et al. (1993) J. 
Immunol. Methods 158:229-236). 

[0162] In yet another embodiment of the separation step of 
the present invention, cDNA products are captured by their 




















































