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EXPRESSION MONITORING BY HYBRIDIZATION 
TO HIGH DENSITY OLIGONUCLEOTIDE 

ARRAYS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a continuation-in-part of US. Ser. No. 
08/529,115 ?led on Sep. 15, 1995 Which is herein incorpo 
rated by reference for all purposes, and claims priority to 
WO/96/14839. This application is also a continuation-in 
part of US. Ser. No. 08/670,118 ?led on Jun. 25, 1996, 
Which is a division of US. Ser. No. 08/168,904 ?led Dec. 15, 
1993, Which is a continuation of US. Ser. No. 07/624,114 
?led Dec. 6, 1990. US. Ser. No. 07/624,114 is a CIP of US. 
Ser. No. 07/362,901 ?led Jun. 7, 1990. All of the above 
applications are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] Aportion of the disclosure of this patent document 
contains material Which subject to copyright protection. The 
copyright oWner has no objection to the xerographic repro 
duction by anyone of the patent document or the patent 
disclosure in exactly the form it appears in the Patent and 
Trademark Of?ce patent ?le or records, but otherWise 
reserves all copyright rights Whatsoever. 

[0003] Many disease states are characteriZed by differ 
ences in the expression levels of various genes either 
through changes in the copy number of the genetic DNA or 
through changes in levels of transcription (eg through 
control of initiation, provision of RNA precursors, RNA 
processing, etc.) of particular genes. For example, losses and 
gains of genetic material play an important role in malignant 
transformation and progression. These gains and losses are 
thought to be “driven” by at least tWo kinds of genes. 
Oncogenes are positive regulators of tumorgenesis, While 
tumor suppressor genes are negative regulators of tumor 
genesis (Marshall, Cell, 64: 313-326 (1991); Weinberg, 
Science, 254: 1138-1146 (1991)) incorporated herein by 
reference for all purposes. Therefore, one mechanism of 
activating unregulated groWth is to increase the number of 
genes coding for oncogene proteins or to increase the level 
of expression of these oncogenes (eg in response to cellular 
or environmental changes), and another is to lose genetic 
material or to decrease the level of expression of genes that 
code for tumor suppressors. This model is supported by the 
losses and gains of genetic material associated With glioma 
progression (Mikkelson et al. J. Cellular Biochm. 46: 3-8 
(1991)). Thus, changes in the expression (transcription) 
levels of particular genes (e.g. oncogenes or tumor suppres 
sors), serve as signposts for the presence and progression of 
various cancers. 

[0004] Similarly, control of the cell cycle and cell devel 
opment, as Well as diseases, are characteriZed by the varia 
tions in the transcription levels of particular genes. Thus, for 
example, a viral infection is often characteriZed by the 
elevated expression of genes of the particular virus. For 
example, outbreaks of Herpes simplex, Epstein-Barr virus 
infections (e.g. infectious mononucleosis), cytomegalovirus, 
Varicella-Zoster virus infections, parvovirus infections, 
human papillomavirus infections, etc. are all characteriZed 
by elevated expression of various genes present in the 
respective virus. Detection of elevated expression levels of 
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characteristic viral genes provides an effective diagnostic of 
the disease state. In particular, viruses such as herpes sim 
plex, enter quiescent states for periods of time only to erupt 
in brief periods of rapid replication. Detection of expression 
levels of characteristic viral genes alloWs detection of such 
active proliferative (and presumably infective) states. 

[0005] Oligonucleotide probes have long been used to 
detect complementary nucleic acid sequences in a nucleic 
acid of interest (the “target” nucleic acid) and have been 
used to detect expression of particular genes (e.g., a North 
ern Blot). In some assay formats, the oligonucleotide probe 
is tethered, i.e., by covalent attachment, to a solid support, 
and arrays of oligonucleotide probes immobiliZed on solid 
supports have been used to detect speci?c nucleic acid 
sequences in a target nucleic acid. 

[0006] The use of “traditional” hybridiZation protocols for 
monitoring or quantifying gene expression is problematic. 
For example tWo or more gene products of approximately 
the same molecular Weight Will prove dif?cult or impossible 
to distinguish in a Northern blot because they are not readily 
separated by electrophoretic methods. Similarly, as hybrid 
iZation ef?ciency and cross-reactivity varies With the par 
ticular subsequence (region) of a gene being probed it is 
dif?cult to obtain an accurate and reliable measure of gene 
expression With one, or even a feW, probes to the target gene. 

[0007] The development of VLSIPSTM technology pro 
vided methods for synthesiZing arrays of many different 
oligonucleotide probes that occupy a very small surface 
area. See US. Pat. No. 5,143,854 and PCT patent publica 
tion No. WO 90/15070. US. patent application Ser. No. 
082,937, ?led Jun. 25, 1993, describes methods for making 
arrays of oligonucleotide probes that can be used to provide 
the complete sequence of a target nucleic acid and to detect 
the presence of a nucleic acid containing a speci?c nucle 
otide sequence. 

SUMMARY OF THE INVENTION 

[0008] The present invention is premised, in part, on the 
discovery that microfabricated arrays of large numbers of 
different oligonucleotide probes (DNA chips) may effec 
tively be used to not only detect the presence or absence of 
target nucleic acid sequences, but to quantify the relative 
abundance of the target sequences in a complex nucleic acid 
pool. In addition, it Was also a surprising discovery that 
relatively short oligonucleotide probes (e.g., 20 mer) are 
suf?ciently speci?c to alloW quantitation of gene expression 
in complex mixtures of nucleic acids particularly When 
provided as in high density oligonucleotide probe arrays. 

[0009] Prior to this invention it Was unknoWn that hybrid 
iZation to high density probe arrays Would permit small 
variations in expression levels of a particular gene to be 
identi?ed and quanti?ed in a complex population of nucleic 
acids that out number the target nucleic acids by 1,000 fold 
to 1,000,000 fold or more. It Was also unknoWn that the 
transcription levels of speci?c genes can be quantitated in a 
complex nucleic acid mixture With only a feW (e.g., less than 
20 or even less than 10) relatively short oligonucleotide 
probes. 

[0010] Thus, this invention provides for a method of 
simultaneously monitoring the expression (e.g. detecting 
and or quantifying the expression) of a multiplicity of genes. 
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The levels of transcription, RNA processing and degradation 
for virtually any number of genes may be determined 
simultaneously. Typically, at least about 10 genes, preferably 
at least about 100, more preferably at least about 1000 and 
most preferably at least about 10,000 different genes are 
assayed at one time. 

[0011] The method involves providing a pool of target 
nucleic acids comprising RNA transcripts of one or more of 
said genes, or nucleic acids derived from the RNA tran 
scripts; hybridiZing the pool of nucleic acids to an array of 
oligonucleotide probes immobiliZed on a surface, Where the 
array comprises more than 100 different oligonucleotides, 
each different oligonucleotide is localiZed in a predeter 
mined region of said surface, each different oligonucleotide 
is attached to the surface through a single covalent bond, the 
density of the different oligonucleotides is greater than about 
60 different oligonucleotides (Where different oligonucle 
otides refers to oligonucleotides having different sequences) 
per 1 cm2, and the oligonucleotide probes are complemen 
tary to the RNA transcripts or nucleic acids derived from the 
RNA transcripts; and quantifying the hybridiZed nucleic 
acids in the array. The method can additionally include a step 
of quantifying the hybridiZation of the target nucleic acids to 
the array. The quanti?cation preferably provides a measure 
of the levels of transcription of the genes. In a preferred 
embodiment, the pool of target nucleic acids is one in Which 
the concentration of the target nucleic acids (pre-mRNA 
transcripts, mRNA transcripts or nucleic acids derived from 
the RNA transcripts) is proportional to the eXpression levels 
of genes encoding those target nucleic acids. 

[0012] In a preferred embodiment, the array of oligonucle 
otide probes is a high density array comprising greater than 
about 100, preferably greater than about 1,000 more pref 
erably greater than about 16,000 and most preferably greater 
than about 65,000 or 250,000 or even 1,000,000 different 
oligonucleotide probes. Such high density arrays comprise a 
probe density of generally greater than about 60, more 
generally greater than about 100, most generally greater than 
about 600, often greater than about 1000, more often greater 
than about 5,000, most often greater than about 10,000, 
preferably greater than about 40,000 more preferably greater 
than about 100,000, and most preferably greater than about 
400,000 different oligonucleotide probes per cm2 (Where 
different oligonucleotides refers to oligonucleotides having 
different sequences). The oligonucleotide probes range from 
about 5 to about 500, preferably 5 to 50, nucleotides, 
preferably from about 5 to about 45 nucleotides, still more 
preferably from about 10 to about 40 nucleotides and most 
preferably from about 15 to about 40 nucleotides in length. 
Particularly preferred arrays contain probes ranging from 
about 20 to about 25 oligonucleotides in length. The array 
may comprise more than 10, preferably more than 50, more 
preferably more than 100, and most preferably more than 
1000 oligonucleotide probes speci?c for each target gene. In 
a preferred embodiment, the array comprises at least 10 
different oligonucleotide probes for each gene. In another 
preferred embodiment, the array has 20 or feWer oligonucle 
otides complementary each gene. Although a planar array 
surface is preferred, the array may be fabricated on a surface 
of virtually any shape or even a multiplicity of surfaces. 

[0013] The array may further comprise mismatch control 
probes. Where such mismatch controls are present, the 
quantifying step may comprise calculating the difference in 
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hybridiZation signal intensity betWeen each of the oligo 
nucleotide probes and its corresponding mismatch control 
probe. The quantifying may further comprise calculating the 
average difference in hybridiZation signal intensity betWeen 
each of the oligonucleotide probes and its corresponding 
mismatch control probe for each gene. 

[0014] The probes present in the high density array can be 
oligonucleotide probes selected according to selection and 
optimiZation methods described beloW. Alternatively, non 
optimal probes may be included in the array, but the probes 
used for quanti?cation (analysis) can be selected according 
to the optimiZation methods described beloW. 

[0015] Oligonucleotide arrays for the practice of some 
embodiments of this invention are, in preferred embodi 
ments, chemically synthesiZed by parallel immobiliZed 
polymer synthesis methods, more preferably by light 
directed polymer synthesis methods. Chemically synthe 
siZed arrays are advantageous in that probe preparation does 
not require cloning, a nucleic acid ampli?cation step, or 
enZymatic synthesis. Indeed, the preparation of the probes 
does not require handling of any biological materials. 

[0016] The array includes test probes Which are oligo 
nucleotide probes each of Which has a sequence that is 
complementary to a subsequence of one of the genes (or the 
mRNA or the corresponding antisense cRNA) Whose 
expression is to be detected. In addition, the array can 
contain normaliZation controls, mismatch controls and 
expression level controls as described herein. 

[0017] In a particularly preferred embodiment, the varia 
tion betWeen different copies (Within and/or betWeen 
batches) of each array is less than 20%, more preferably less 
than about 10%, and most preferably less than about 5% 
Where the variation is measured as the coef?cient of varia 
tion in hybridiZation intensity averaged over at least 5 
oligonucleotide probes for each gene Whose eXpression the 
array is to detect. 

[0018] The pool of nucleic acids may be labeled before, 
during, or after hybridiZation, although in a preferred 
embodiment, the nucleic acids are labeled before hybridiZa 
tion. Fluorescence labels are particularly preferred, more 
preferably labeling With a single ?uorophore, and, Where 
?uorescence labeling is used, quanti?cation of the hybrid 
iZed nucleic acids is by quanti?cation of ?uorescence from 
the hybridiZed ?uorescently labeled nucleic acid. Such 
quanti?cation is facilitated by the use of a ?uorescence 
microscope Which can be equipped With an automated stage 
to permit automatic scanning of the array, and Which can be 
equipped With a data acquisition system for the automated 
measurement recording and subsequent processing of the 
?uorescence intensity information. Preferred devices for 
reading such arrays are the GeneChipTM reader, available 
from AffymetriX, Inc. of Santa Clara, Calif. 

[0019] In a preferred embodiment, hybridiZation is at loW 
stringency (eg about 20° C. to about 50° C., more prefer 
ably about 30° C. to about 40° C., and most preferably about 
37° C. and SSPE-T or loWer) With at least one Wash at higher 
stringency. Hybridization may include subsequent Washes at 
progressively increasing stringency until a desired level of 
hybridiZation speci?city is reached. 

[0020] Quanti?cation of the hybridiZation signal can be by 
any means knoWn to one of skill in the art. HoWever, in a 
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particularly preferred embodiment, quanti?cation is 
achieved by use of a confocal ?uorescence microscope. Data 
is preferably evaluated by calculating the difference in 
hybridiZation signal intensity betWeen each oligonucleotide 
probe and its corresponding mismatch control probe. It is 
particularly preferred that this difference be calculated and 
evaluated for each gene. Particularly preferred analytical 
methods are provided herein. 

[0021] The pool of target nucleic acids can be the total 
polyA+mRNA isolated from a biological sample, or cDNA 
made by reverse transcription of the RNA or second strand 
cDNA or RNA transcribed from the double stranded cDNA 
intermediate. Alternatively, the pool of target nucleic acids 
can be treated to reduce the complexity of the sample and 
thereby reduce the background signal obtained in hybrid 
iZation. In one approach, a pool of mRNAs, derived from a 
biological sample, is hybridiZed With a pool of oligonucle 
otides comprising the oligonucleotide probes present in the 
high density array. The pool of hybridiZed nucleic acids is 
then treated With RNase AWhich digests the single stranded 
regions. The remaining double stranded hybridiZation com 
plexes are then denatured and the oligonucleotide probes are 
removed, leaving a pool of mRNAs enhanced for those 
mRNAs complementary to the oligonucleotide probes in the 
high density array. 

[0022] In another approach to background reduction, a 
pool of mRNAs derived from a biological sample is hybrid 
iZed With paired target speci?c oligonucleotides Where the 
paired target speci?c oligonucleotides are complementary to 
regions ?anking subsequences of the mRNAs complemen 
tary to the oligonucleotide probes in the high density array. 
The pool of hybridiZed nucleic acids is treated With RNase 
H Which digests the hybridiZed (double stranded) nucleic 
acid sequences. The remaining single stranded nucleic acid 
sequences Which have a length about equivalent to the 
region ?anked by the paired target speci?c oligonucleotides 
are then isolated (eg by electrophoresis) and used as the 
pool of nucleic acids for monitoring gene expression. 

[0023] Finally, a third approach to background reduction 
involves eliminating or reducing the representation in the 
pool of particular preselected target mRNA messages (e.g., 
messages that are characteristically overexpressed in the 
sample). This method involves hybridiZing an oligonucle 
otide probe that is complementary to the preselected target 
mRNA message to the pool of polyA+mRNAs derived from 
a biological sample. The oligonucleotide probe hybridiZes 
With the particular preselected polyA+mRNA (message) to 
Which it is complementary. The pool of hybridiZed nucleic 
acids is treated With RNase H Which digests the double 
stranded (hybridiZed) region thereby separating the message 
from its polyA+tail. Isolating or amplifying (e.g., using an 
oligo dT column) the polyA+mRNA in the pool then pro 
vides a pool having a reduced or no representation of the 
preselected target mRNA message. 

[0024] It Will be appreciated that the methods of this 
invention can be used to monitor (detect and/or quantify) the 
expression of any desired gene of knoWn sequence or 
subsequence. Moreover, these methods permit monitoring 
expression of a large number of genes simultaneously and 
effect signi?cant advantages in reduced labor, cost and time. 
The simultaneous monitoring of the expression levels of a 
multiplicity of genes permits effective comparison of rela 
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tive expression levels and identi?cation of biological con 
ditions characteriZed by alterations of relative expression 
levels of various genes. Genes of particular interest for 
expression monitoring include genes involved in the path 
Ways associated With various pathological conditions (e.g., 
cancer) and Whose expression is thus indicative of the 
pathological condition. Such genes include, but are not 
limited to the HER2 c-erbB-2/neu) proto-oncogene in the 
case of breast cancer, receptor tyrosine kinases (RTKs) 
associated With the etiology of a number of tumors including 
carcinomas of the breast, liver, bladder, pancreas, as Well as 
glioblastomas, sarcomas and squamous carcinomas, and 
tumor suppressor genes such as the P53 gene and other 
“marker” genes such as RAS, MSH2, MLH1 and BRCA1. 
Other genes of particular interest for expression monitoring 
are genes involved in the immune response (e.g., interleukin 
genes), as Well as genes involved in cell adhesion (e.g., the 
integrins or selectins), apoptosis and signal transduction 
(e.g., tyrosine kinases), etc. Of course, the invention is not 
limited to the monitoring of expression in human samples, 
but may also be used in the evaluation of bacterial or viral 
genes. 

[0025] In another embodiment, this invention provides a 
method of identifying genes the expression of Which is 
affected by one or more drugs, or conversely, screening a 
number of drugs to identify those that have an effect on 
particular gene(s). This involves providing a pool of target 
nucleic acids from one or more cells contacted With the drug 
or drugs and hybridiZing that pool to any of the high density 
oligonucleotide arrays described herein. The expression 
levels of the genes targeted by the probes in the array are 
determined and compared to expression levels of genes from 
“control” cells not exposed to the drug or drugs. The genes 
that are overexpressed or underexpressed in response to the 
drug or drugs are identi?ed or conversely the drug or drugs 
that alter expression of one or more genes are identi?ed. 

[0026] In still yet another embodiment, this invention 
provide for a composition comprising any of the high 
density oligonucleotide arrays disclosed herein Where the 
oligonucleotide probes are speci?cally hybridiZed to one or 
more ?uorescently labeled nucleic acids (Which are the 
transcription products of genes or derived from those tran 
scription products) thereby forming a ?uorescent array in 
Which the ?uorescence of the array is indicative of the 
transcription levels of the multiplicity of genes. One of skill 
Will appreciate that such a hybridiZed array may be used as 
a reference, control, or standard (e.g., provided in a kit) or 
may itself be a diagnostic array indicating the expression 
levels of a multiplicity of genes in a sample. 

[0027] This invention also provides kits for simulta 
neously monitoring expression levels of a multiplicity of 
genes. The kits include an array of immobiliZed oligonucle 
otide probes complementary to subsequences of the multi 
plicity of target genes, as described herein. The kit may also 
include instructions describing the use of the array for 
detection and/or quanti?cation of expression levels of the 
multiplicity of genes. The kit may additionally include one 
or more of the folloWing: buffers, hybridiZation mix, Wash 
and read solutions, labels, labeling reagents (enZymes etc.), 
“control” nucleic acids, softWare for probe selection, array 
reading or data analysis and any of the other materials or 
reagents described herein for the practice of the claimed 
methods. 
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[0028] In another embodiment, this invention provides for 
a method of selecting a set of oligonucleotide probes that 
speci?cally bind to a target nucleic acid (e.g., a gene or 
genes Whose expression is to be monitored or nucleic acids 
derived from the gene or its transcribed mRNA). The 
method involves providing a high density array of oligo 
nucleotide probes Where the array comprises a multiplicity 
of probes Wherein each probe is complementary to a sub 
sequence of the target nucleic acid. The target nucleic acid 
is then hybridiZed to the array of oligonucleotide probes to 
identify and select those probes Where the difference in 
hybridiZation signal intensity betWeen each probe and its 
mismatch control is detectable (preferably greater than about 
10% of the background signal intensity, more preferably 
greater than about 20% of the background signal intensity 
and most preferably greater than about 50% of the back 
ground signal intensity). The method can further comprise 
hybridiZing the array to a second pool of nucleic acids 
comprising nucleic acids other than the target nucleic acids; 
and identifying and selecting probes having the loWest 
hybridiZation signal and Where both the probe and its 
mismatch control have a hybridiZation intensity equal to or 
less than about 5 times the background signal intensity, 
preferably equal to or less than about 2 times the background 
signal intensity, more preferably equal to or less than about 
1 times the background signal intensity, and most preferably 
equal or less than about half the background signal intensity. 

[0029] In a preferred embodiment, the multiplicity of 
probes can include every different probe of length n that is 
complementary to a subsequence of the target nucleic acid. 
The probes can, in one embodiment, range from about 10 to 
about 500 nucleotide bases in length. The array is preferably 
a high density array as described above. Similarly, the 
hybridiZation methods, conditions, times, ?uid volumes, 
detection methods are as herein. 

[0030] In another embodiment, the invention provides a 
computer-implemented method of monitoring expression of 
genes comprising the steps of: receiving input of hybridiZa 
tion intensities for a plurality of nucleic acid probes includ 
ing pairs of perfect match probes and mismatch probes, the 
hybridiZation intensities indicating hybridiZation af?nity 
betWeen the plurality of nucleic acid probes and nucleic 
acids corresponding to a gene, and each pair including a 
perfect match probe that is perfectly complementary to a 
portion of the nucleic acids and a mismatch probe that differs 
from the perfect match probe by at least one nucleotide; 
comparing the hybridiZation intensities of the perfect match 
and mismatch probes of each pair; and indicating expression 
of the gene according to results of the comparing step. 
Preferably, the differences betWeen the hybridiZation inten 
sities of the perfect match and mismatch probes of each pair 
are calculated. 

[0031] Additionally, the invention provides a computer 
implemented method for monitoring expression of genes 
comprising the steps of: receiving input of a nucleic acid 
sequence constituting a gene; generating a set of probes that 
are perfectly complementary to the gene; and identifying a 
subset of probes, including less than all of the probes in the 
set, for monitoring the expression of the gene. Each probe of 
the set may be analyZed by criteria that specify character 
istics indicative of loW hybridiZation or high cross hybrid 
iZation. The criteria may include if occurrences of a speci?c 
nucleotide in a probe crosses a threshold value, if the 
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number of a speci?c nucleotide that repeats sequentially in 
a probe crosses a threshold value, if the length of a palin 
drome in a probe crosses a threshold value, and the like. 

[0032] De?nitions 

[0033] The phrase “massively parallel screening” refers to 
the simultaneous screening of at least about 100, preferably 
about 1000, more preferably about 10,000 and most prefer 
ably about 1,000,000 different nucleic acid hybridiZations. 

[0034] The terms “nucleic acid” or “nucleic acid mol 
ecule” refer to a deoxyribonucleotide or ribonucleotide 
polymer in either single-or double-stranded form, and unless 
otherWise limited, Would encompass analogs of natural 
nucleotide that can function in a similar manner as naturally 
occurring nucleotide. 

[0035] An oligonucleotide is a single-stranded nucleic 
acid ranging in length from 2 to about 500 bases. 

[0036] As used herein a “probe” is de?ned as an oligo 
nucleotide (or a nucleic acid) capable of binding to a target 
nucleic acid of complementary sequence through one or 
more types of chemical bonds, usually through complemen 
tary base pairing, usually through hydrogen bond formation. 
As used herein, a probe may include natural (i.e. A, G, U, C, 
or T) or modi?ed bases (7-deaZaguanosine, inosine, etc.). In 
addition, the bases in probes may be joined by a linkage 
other than a phosphodiester bond, so long as it does not 
interfere With hybridiZation. Thus, probes may be peptide 
nucleic acids in Which the constituent bases are joined by 
peptide bonds rather than phosphodiester linkages. 

[0037] The term “target nucleic acid” refers to a nucleic 
acid (often derived from a biological sample), to Which the 
probe is designed to speci?cally hybridiZe. It is either the 
presence or absence of the target nucleic acid that is to be 
detected, or the amount of the target nucleic acid that is to 
be quanti?ed. The target nucleic acid has a sequence that is 
complementary to the nucleic acid sequence of the corre 
sponding probe directed to the target. The term target nucleic 
acid may refer to the speci?c subsequence of a larger nucleic 
acid to Which the probe is directed or to the overall sequence 
(e.g., gene or mRNA) Whose expression level it is desired to 
detect. The difference in usage Will be apparent from con 
text. 

[0038] The term “mRNA” refers to transcripts of a gene. 
Transcripts are RNA including, for example, mature mes 
senger RNA ready for translation, products of various stages 
of transcript processing. Transcript processing may include 
splicing and degradation. 

[0039] “Subsequence” refers to a sequence of nucleic 
acids that comprise a part of a longer sequence of nucleic 
acids. 

[0040] The term “complexity” is used here according to 
standard meaning of this term as established by Britten et al. 
Methods of Enzymol. 29:363 (1974). See, also Cantor and 
Schimmel Biophysical Chemistry: Part III at 1228-1230 for 
further explanation of nucleic acid complexity. 

[0041] “Bind(s) substantially” refers to complementary 
hybridiZation betWeen a probe nucleic acid and a target 
nucleic acid and embraces minor mismatches that can be 
accommodated by reducing the stringency of the hybridiZa 
tion media to achieve the desired detection of the target 
polynucleotide sequence. 
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[0042] The phrase “hybridizing speci?cally to”, refers to 
the binding, duplexing, or hybridizing of a molecule sub 
stantially to or only to a particular nucleotide sequence or 
sequences under stringent conditions When that sequence is 
present in a complex mixture (e.g., total cellular) DNA or 
RNA. The term “stringent conditions” refers to conditions 
under Which a probe Will hybridiZe to its target subsequence, 
but With only insubstantial hybridiZation to other sequences 
or to other sequences such that the difference may be 
identi?ed. Stringent conditions are sequence-dependent and 
Will be different in different circumstances. Longer 
sequences hybridiZe speci?cally at higher temperatures. 
Generally, stringent conditions are selected to be about 5° C. 
loWer than the thermal melting point (Tm) for the speci?c 
sequence at a de?ned ionic strength and pH. The Tm is the 
temperature (under de?ned ionic strength, pH, and nucleic 
acid concentration) at Which 50% of the probes complemen 
tary to the target sequence hybridiZe to the target sequence 
at equilibrium. (As the target sequences are generally 
present in excess, at Tm, 50% of the probes are occupied at 
equilibrium). Typically, stringent conditions Will be those in 
Which the salt concentration is at least about 0.01-to 1.0 M 
Na ion concentration (or other salts) at pH 7.0 to 8.3 and the 
temperature is at least about 30° C. for short probes (e.g., 10 
to 50 nucleotide). Stringent conditions may also be achieved 
With the addition of destabiliZing agents such as formamide. 

[0043] The term “perfect match probe” refers to a probe 
that has a sequence that is perfectly complementary to a 
particular target sequence. The test probe is typically per 
fectly complementary to a portion (subsequence) of the 
target sequence. The perfect match (PM) probe can be a “test 
probe”, a “normalization control” probe, an expression level 
control probe and the like. Aperfect match control or perfect 
match probe is, hoWever, distinguished from a “mismatch 
control” or “mismatch probe.” 

[0044] The term “mismatch control” or “mismatch probe” 
refer to probes Whose sequence is deliberately selected not 
to be perfectly complementary to a particular target 
sequence. For each mismatch (MM) control in a high 
density array there typically exists a corresponding perfect 
match (PM) probe that is perfectly complementary to the 
same particular target sequence. The mismatch may com 
prise one or more bases. While the mismatch(s) may be 
locates anyWhere in the mismatch probe, terminal mis 
matches are less desirable as a terminal mismatch is less 
likely. to prevent hybridiZation of the target sequence. In a 
particularly preferred embodiment, the mismatch is located 
at or near the center of the probe such that the mismatch is 
most likely to destabiliZe the duplex With the target sequence 
under the test hybridiZation conditions. 

[0045] The terms “background” or “background signal 
intensity” refer to hybridiZation signals resulting from non 
speci?c binding, or other interactions, betWeen the labeled 
target nucleic acids and components of the oligonucleotide 
array (e.g., the oligonucleotide probes, control probes, the 
array substrate, etc.). Background signals may also be pro 
duced by intrinsic ?uorescence of the array components 
themselves. Asingle background signal can be calculated for 
the entire array, or a different background signal may be 
calculated for each target nucleic acid. In a preferred 
embodiment, background is calculated as the average 
hybridiZation signal intensity for the loWest 5% to 10% of 
the probes in the array, or, Where a different background 

Oct. 2, 2003 

signal is calculated for each target gene, for the loWest 5% 
to 10% of the probes for each gene. Of course, one of skill 
in the art Will appreciate that Where the probes to a particular 
gene hybridiZe Well and thus appear to be speci?cally 
binding to a target sequence, they should not be used in a 
background signal calculation. Alternatively, background 
may be calculated as the average hybridiZation signal inten 
sity produced by hybridiZation to probes that are not 
complementary to any sequence found in the sample (e.g. 
probes directed to nucleic acids of the opposite sense or to 
genes not found in the sample such as bacterial genes Where 
the sample is mammalian nucleic acids). Background can 
also be calculated as the average signal intensity produced 
by regions of the array that lack any probes at all. 

[0046] The term “quantifying” When used in the context of 
quantifying transcription levels of a gene can refer to 
absolute or to relative quanti?cation. Absolute quanti?cation 
may be accomplished by inclusion of knoWn concentra 
tion(s) of one or more target nucleic acids (eg control 
nucleic acids such as Bio B or With knoWn amounts the 
target nucleic acids themselves) and referencing the hybrid 
iZation intensity of unknoWns With the knoWn target nucleic 
acids (eg through generation of a standard curve). Alter 
natively, relative quanti?cation can be accomplished by 
comparison of hybridiZation signals betWeen tWo or more 
genes, or betWeen tWo or more treatments to quantify the 
changes in hybridiZation intensity and, by implication, tran 
scription level. 

[0047] The “percentage of sequence identity” or 
“sequence identity” is determined by comparing tWo opti 
mally aligned sequences or subsequences over a comparison 
WindoW or span, Wherein the portion of the polynucleotide 
sequence in the comparison WindoW may optionally com 
prise additions or deletions (i.e., gaps) as compared to the 
reference sequence (Which does not comprise additions or 
deletions) for optimal alignment of the tWo sequences. The 
percentage is calculated by determining the number of 
positions at Which the identical subunit (e.g. nucleic acid 
base or amino acid residue) occurs in both sequences to yield 
the number of matched positions, dividing the number of 
matched positions by the total number of positions in the 
WindoW of comparison and multiplying the result by 100 to 
yield the percentage of sequence identity. Percentage 
sequence identity When calculated using the programs GAP 
or BESTFIT (see beloW) is calculated using default gap 
Weights. 

[0048] Methods of alignment of sequences for comparison 
are Well knoWn in the art. Optimal alignment of sequences 
for comparison may be conducted by the local homology 
algorithm of Smith and Waterman,Aa'v. Appl. Math. 2: 482 
(1981), by the homology alignment algorithm of Needleman 
and Wunsch J. M01. Biol. 48: 443 (1970), by the search for 
similarity method of Pearson and Lipman, Proc. Natl. Acad 
Sci. USA 85: 2444 (1988), by computeriZed implementations 
of these algorithms (including, but not limited to CLUSTAL 
in the PC/Gene program by Intelligenetics, Moutain VieW, 
Calif., GAP, BESTFIT, FASTA, and TFASTA in the Wis 
consin Genetics SoftWare Package, Genetics Computer 
Group (GCG), 575 Science Dr., Madison, Wis., USA), or by 
inspection. In particular, methods for aligning sequences 
using the CLUSTAL program are Well described by Higgins 
and Sharp in Gene, 73: 237-244 (1988) and in CABIOS 5: 
151-153 (1989)). 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0049] FIG. 1 shows a schematic of expression monitor 
ing using oligonucleotide arrays. Extracted poly (A)+RNA is 
converted to cDNA, Which is then transcribed in the pres 
ence of labeled ribonucleotide triphosphates. L is either 
biotin or a dye such as ?uorescein. RNA is fragmented With 
heat in the presence of magnesium ions. HybridiZations are 
carried out in a ?oW cell that contains the tWo-dimensional 
DNA probe arrays. FolloWing a brief Washing step to 
remove unhybridiZed RNA, the arrays are scanned using a 
scanning confocal microscope. Alternatives in Which cellu 
lar mRNA is directly labeled Without a cDNA intermediate 
are described in the Examples. Image analysis softWare 
converts the scanned array images into text ?les in Which the 
observed intensities at speci?c physical locations are asso 
ciated With particular probe sequences. 

[0050] FIG. 2A shoWs a ?uorescent image of a high 
density array containing over 16,000 different oligonucle 
otide probes. The image Was obtained folloWing hybridiZa 
tion (15 hours at 40° C.) of biotin-labeled randomly frag 
mented sense RNA transcribed from the murine B cell (T10) 
cDNA library, and spiked at the level of 1:3,000 (50 pM 
equivalent to about 100 copies per cell) With 13 speci?c 
RNA targets. The brightness at any location is indicative of 
the amount of labeled RNA hybridiZed to the particular 
oligonucleotide probe. FIG. 2B shoWs a small portion of the 
array (the boxed region of FIG. 2A) containing probes for 
IL-2 and IL-3 RNAS. For comparison, FIG. 2C shoWs 
shoWn the same region of the array folloWing hybridiZation 
With an unspiked T10 RNA samples (T10 cells do not 
express IL-2 and IL-3). The variation in the signal intensity 
Was highly reproducible and re?ected the sequence depen 
dence of the hybridiZation ef?ciencies. The central cross and 
the four comers of the array contain a control sequence that 
is complementary to a biotin-labeled oligonucleotide that 
Was added to the hybridiZation solution at a constant con 
centration (50 pM). The sharpness of the images near the 
boundaries of the features Was limited by the resolution of 
the reading device (11.25 pm) and not by the spatial reso 
lution of the array synthesis. The pixels in the border regions 
of each synthesis feature Were systematically ignored in the 
quantitative analysis of the images. 

[0051] FIG. 3 provides a log/log plot of the hybridiZation 
intensity (average of the PM-MM intensity differences for 
each gene) versus concentration for 11 different RNA tar 
gets. The hybridiZation signals Were quantitatively related to 
target concentration. The experiments Were performed as 
described in the Examples herein and in FIG. 2. The ten 10 
cytokine RNAs (plus bioB) Were spiked into labeled T10 
RNA at levels ranging from 1:300,000 to 1:3,000. The 
signals continued to increase With increased concentration 
up to frequencies of 1:300, but the response became sub 
linear at the high levels due to saturation of the probe sites, 
The linear range can be extended to higher concentrations by 
using shorter hybridiZation times. RNAs from genes 
expressed in T10 cells (IL-10, [3-actin and GAPDH) Were 
also detected at levels consistent With results obtained by 
probing cDNA libraries. 

[0052] FIG. 4 shoWs cytokine mRNA levels in the murine 
2D6 T helper cell line at different times folloWing stimula 
tion With PMA and a calcium ionophore. Poly (A)+RNA Was 
extracted at 0, 2, 6, and 24 hours folloWing stimulation and 
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converted to double stranded cDNA containing an RNA 
polymerase promoter. The cDNA pool Was then transcribed 
in the presence of biotin labeled ribonucleotide triphos 
phates, fragmented, and hybridiZed to the oligonucleotide 
probe arrays for 2 and 22 hours. The ?uorescence intensities 
Were converted to RNA frequencies by comparison With the 
signals obtained for a bacterial RNA (biotin synthetase) 
spiked into the samples at knoWn amounts prior to hybrid 
iZation. A signal of 50,000 corresponds to a frequency of 
approximately 1:100,000 to a frequency of 1:5,000, and a 
signal of 100 to a frequency of 1:50,000. RNAs for IL-2, 
IL-4, IL-6, and IL-12p40 Were not detected above the level 
of approximately 1:200,000 in these experiments. The error 
bars re?ect the estimated uncertainty (25 percent) in the 
level for a given RNA relative to the level for the same RNA 
at a different time point. The relative uncertainty estimate 
Was based on the results of repeated spiking experiments, 
and on repeated measurements of IL-10, [3-actin and 
GAPDH RNAs in preparations from both T10 and 2D6 cells 
(unstimulated). The uncertainty in the absolute frequencies 
includes message-to-message differences in the hybridiZa 
tion efficiency as Well as differences in the mRNA isolation, 
cDNA synthesis, and RNA synthesis and labeling steps. The 
uncertainty in the absolute frequencies is estimated to be a 
factor of three. 

[0053] FIG. 5 shoWs a ?uorescence image of an array 
containing over 63,000 different oligonucleotide probes for 
118 genes. The image Was obtained folloWing overnight 
hybridiZation of a labeled murine B cell RNA sample. Each 
square synthesis region is 50x50 pm and contains 107 to 108 
copies of a speci?c oligonucleotide. The array Was scanned 
at a resolution of 7.5 pm in approximately 15 minutes. The 
bright roWs indicate RNAs present at high levels. LoWer 
level RNAs Were unambiguously detected based on quan 
titative evaluation of the hybridiZation patterns. Atotal of 21 
murine RNAs Were detected at levels ranging from approxi 
mately 1:300,000 to 1:100. The cross in the center, the 
checkerboard in the comers, and the MUR-1 region at the 
top contain probes complementary to a labeled control 
oligonucleotide that Was added to all samples. 

[0054] FIG. 6 shoWs an example of a computer system 
used to execute the softWare of an embodiment of the 
present invention. 

[0055] FIG. 7 shoWs a system block diagram of a typical 
computer system used to execute the softWare of an embodi 
ment of the present invention. 

[0056] FIG. 8 shoWs the high level ?oW of a process of 
monitoring the expression of a gene by comparing hybrid 
iZation intensities of pairs of perfect match and mismatch 
probes. 

[0057] FIG. 9 shoWs the ?oW of a process of determining 
if a gene is expressed utiliZing a decision matrix. 

[0058] FIGS. 10A and 10B shoW the ?oW of a process of 
determining the expression of a gene by comparing baseline 
scan data and experimental scan data. 

[0059] FIG. 11 shoWs the ?oW of a process of increasing 
the number of probes for monitoring the expression of genes 
after the number of probes has been reduced or pruned. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0060] I. High Density Arrays for Monitoring Gene 
Expression 
[0061] This invention provides methods of monitoring 
(detecting and/or quantifying) the expression levels of one 
or more genes. The methods involve hybridization of a 
nucleic acid target sample to a high density array of nucleic 
acid probes and then quantifying the amount of target 
nucleic acids hybridized to each probe in the array. 

[0062] While nucleic acid hybridiZation has been used for 
some time to determine the expression levels of various 
genes (e.g., Northern Blot), it Was a surprising discovery of 
this invention that high density arrays are suitable for the 
quanti?cation of the small variations in expression (tran 
scription) levels of a gene in the presence of a large 
population of heterogenous nucleic acids. The signal may be 
present at a concentration of less than about 1 in 1,000, and 
is often present at a concentration less than 1 in 10,000 more 
preferably less than about 1 in 50,000 and most preferably 
less than about 1 in 100,000, 1 in 300,000, or even 1 in 
1,000,000. 

[0063] Prior to this invention, it Was expected that hybrid 
iZation of such a complex mixture to a high density array 
might overWhelm the available probes and make it impos 
sible to detect the presence of loW-level target nucleic acids. 
It Was thus unclear that a loW level signal could be isolated 
and detected in the presence of misleading signals due to 
cross-hybridization and non-speci?c binding both to sub 
strate and probe. It Was therefore a surprising discovery that, 
to the contrary, high density arrays are particularly Well 
suited for monitoring expression of a multiplicity of genes 
and provide a level of sensitivity and discrimination hitherto 
unexpected. 
[0064] It Was also a surprising discovery of this invention 
that When used in a high-density array, even relatively short 
oligonucleotides can be used to accurately detect and quan 
tify expression (transcription) levels of genes. Thus oligo 
nucleotide arrays having oligonucleotides as short as 10 
nucleotide, more preferably 15 oligonucleotides and most 
preferably 20 or 25 oligonucleotides are used to speci?cally 
detect and quantify gene expression levels. Of course arrays 
containing longer oligonucleotides, as described herein, are 
also suitable. 

[0065] A. Advantages of Oligonucleotide Arrays 

[0066] In one preferred embodiment, the high density 
arrays used in the methods of this invention comprise 
chemically synthesiZed oligonucleotides. The use of chemi 
cally synthesiZed oligonucleotide arrays, as opposed to, for 
example, blotted arrays of genomic clones, restriction frag 
ments, oligonucleotides, and the like, offers numerous 
advantages. These advantages generally fall into four cat 
egories: 

[0067] 

[0068] 

[0069] 
[0070] 4) Higher signal to noise ratio (improved 

sensitivity). 

1) Ef?ciency of production; 

2) Reduced intra- and inter-array variability; 

3) Increased information content; and 
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[0071] 1. Ef?ciency of Production 

[0072] In a preferred embodiment, the arrays are synthe 
siZed using methods of spatially addressed parallel synthesis 
(see, e.g., Section V, beloW). The oligonucleotides are syn 
thesiZed chemically in a highly parallel fashion covalently 
attached to the array surface. This alloWs extremely ef?cient 
array production. For example, arrays containing tens (or 
even hundreds) of thousands of speci?cally selected 20 mer 
oligonucleotides are synthesiZed in feWer than 80 synthesis 
cycles. The arrays are designed and synthesiZed based on 
sequence information alone. Thus, unlike blotting methods, 
the array preparation requires no handling of biological 
materials. There is no need for cloning steps, nucleic acid 
ampli?cations, cataloging of clones or ampli?cation prod 
ucts, and the like. The preferred chemical synthesis of 
expression monitoring arrays in this invention is thus more 
ef?cient blotting methods and permits the production of 
highly reproducible high-density arrays With relatively little 
labor and expense. 

[0073] 2. Reduced Intra- and Inter-Array Variability 
[0074] The use of chemically synthesiZed high-density 
oligonucleotide arrays in the methods of this invention 
improves intra- and inter-array variability. The oligonucle 
otide arrays preferred for this invention are made in large 
batches (presently 49 arrays per Wafer With multiple Wafers 
synthesiZed in parallel) in a highly controlled reproducible 
manner. This makes them suitable as general diagnostic and 
research tools permitting direct comparisons of assays per 
formed anyWhere in the World. 

[0075] Because of the precise control obtainable during 
the chemical synthesis the arrays of this invention shoW less 
than about 25%, preferably less than about 20%, more 
preferably less than about 15%, still more preferably less 
than about 10%, even more preferably less than about 5% 
and most preferably less than about 2% variation betWeen 
high density arrays (Within or betWeen production batches) 
having the same probe composition. Array variation is 
assayed as the variation in hybridiZation intensity (against a 
labeled control target nucleic acid mixture) in one or more 
oligonucleotide probes betWeen tWo or more arrays. More 
preferably, array variation is assayed as the variation in 
hybridiZation intensity (against a labeled control target 
nucleic acid mixture) measured for one or more target genes 
betWeen tWo or more arrays. 

[0076] In addition to reducing inter- and intra-array vari 
ability, chemically synthesiZed arrays also reduce variations 
in relative probe frequency inherent in spotting methods, 
particularly spotting methods that use cell-derived nucleic 
acids (e.g., cDNAs). Many genes are expressed at the level 
of thousands of copies per cell, While others are expressed 
at only a single copy per cell. AcDNA library Will re?ect this 
very large bias as Will a cDNA library made from this 
material. While normaliZation (adjustment of the amount of 
each different probe e.g., by comparison to a reference 
cDNA) of the library Will reduce the representation of 
over-expressed sequences, normaliZation has been shoWn to 
lessen the odds of selecting highly expressed cDNAs by 
only about a factor of 2 or 3. In contrast, chemical synthesis 
methods can insure that all oligonucleotide probes are 
represented in approximately equal concentrations. This 
decreases the inter-gene (intra-array) variability and permits 
direct comparison betWeen characteristically overexpressed 
and underexpressed nucleic acids. 




























































































































