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(7) ABSTRACT

Systems and methods for enhanced quantitative analysis of
hybridization intensity measurements obtained from oligo-
nucleotide probes and other probes exposed to target
samples are provided by virtue of the present invention. One
embodiment ameliorates the effects of high frequency noise
superimposed on a hybridization intensity measurement
signal measured over successive probe alignments to a target
sample sequence. Detection of expressed genes and ESTs
and quantitative measurement of expression level may be
improved. Mutation detection and base calling may be
improved.
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QUANTITATIVE ANALYSIS OF HYBRIDIZATION
PATTERNS AND INTENSITIES IN
OLIGONUCLEOTIDE ARRAYS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to computer systems
and more particularly to systems and methods for analysis of
hybridization of samples to oligonucleotide probes or other
polymer probes.

[0002] Devices and computer systems for forming and
using arrays of materials on a substrate are known. The
VLSIPS™ and GeneChip™ technologies provide methods
of making and using very large arrays of polymers, such as
nucleic acids, on very small chips. See U.S. Pat. No.
5,143,854 and PCT Patent Publication Nos. WO 90/15070
and 92/10092, each of which is hereby incorporated by
reference for all purposes. Nucleic acid probes on the chip
are used to detect complementary nucleic acid sequences in
a sample nucleic acid of interest (the “target” nucleic acid).
It is also possible to employ other types of probes or probes
that are not included in arrays or chips.

[0003] Such probes are used for, e.g., base calling, detec-
tion of mutations, and analysis of gene expression. For all of
these objectives, a typical technique is to expose the probes
to target nucleic acid samples that have been marked with
fluorescent or otherwise radioactive labels. For each probe
or group of probes, a hybridization intensity is determined
based on observed fluorescence or radioactivity. The hybrid-
ization intensity may also be measured in some other way.

[0004] These hybridization intensities are the basis for
further analysis including base calling, mutation detection,
and evaluation of expression of genes or expressed sequence
tags. See European Patent Office Publication No. 0717113A
and European Patent Office Publication No. 0848067, the
contents of both publications being incorporated herein by
reference.

[0005] Expression evaluation makes use of hybridization
intensities determined from pairs of probes where each pair
includes a perfect match probe and a mismatch probe. The
term “perfect match probe” refers to a probe that has a
sequence that is perfectly complementary to a particular
subsequence of a sequence of interest in a target nucleic
acid. 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.

[0006] For example, to determine the concentration of a
particular mRNA sequence indicative of expression of a
gene or EST of interest, a series of pairs of perfect match and
mismatch probes may be provided. Each pair may include a
perfect match probe perfectly complementary to a subse-
quence of interest. The mismatch probe may differ in one
position from the perfect match probe. Each probe may
include a series of e.g., 25 bases. The mRNA sequence may
be interrogated by a series of probe pairs having successive
alignments to the mRNA sequence.

[0007] After hybridization intensities are obtained, the
number of instances of when the perfect match intensity is
greater than the mismatch intensity is obtained, along with
the average of the logarithm of the perfect match to mis-
match ratios for all the probe pairs. To determine the
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quantitative abundance of mRNA, the average of the dif-
ference between perfect match and mismatch hybridization
intensity is also computed.

[0008] Further opportunities exist, however, to improve
the accuracy of assessments of expression levels. High
frequency noise can result from variations in probe align-
ment to mRNA sequences, causing hybridization intensity to
exhibit spurious peaks rather than smooth variation. This
high frequency noise is especially prevalent in array designs
where there are relatively small number of probes per gene
and therefore less opportunity to average out the high
frequency noise over results from large number of probes.

[0009] Whatis needed are systems and methods for reduc-
ing the deleterious affects of the high frequency noise found
in the hybridization intensity measurements.

SUMMARY OF THE INVENTION

[0010] Systems and methods for enhanced quantitative
analysis of hybridization intensity measurements obtained
from oligonucleotide probes and other probes exposed to
target samples are provided by virtue of the present inven-
tion. One embodiment ameliorates the effects of high fre-
quency noise superimposed on a hybridization intensity
signal measured over successive probe alignments to a target
sample sequence. Detection of expressed genes and ESTs
and quantitative measurement of expression level may be
improved. Mutation detection and base calling may be
improved.

[0011] A nonlinear lowpass filter may be used to remove
the effects of spurious peaks in this signal. Also, a hybrid-
ization spectrum including the hybridization intensities mea-
sured over a series of probes may be compared to a reference
hybridization spectrum to obtain a measure of similarity.
The measure of similarity may indicate expression or non-
expression of a particular gene or EST, or a point mutation.

[0012] In accordance with a first aspect of the present
invention, a method for analyzing a nucleic acid sequence
includes: inputting a plurality of hybridization intensities of
probes exposed to the sample nucleic acid sequence, and
applying a non-linear filter to the plurality of hybridization
intensities.

[0013] In accordance with a second aspect of the present
invention, a method for analyzing a sample nucleic acid
sequence includes: inputting a plurality of hybridization
intensities of probes exposed to the sample nucleic acid
sequence, the plurality of hybridization intensities forming a
hybridization spectrum of the sample nucleic acid sequence,
and comparing the hybridization spectrum of the sample
nucleic acid sequence to a reference hybridization spectrum
to obtain an indication of similarity.

[0014] A further understanding of the nature and advan-
tages of the inventions herein may be realized by reference
to the remaining portions of the specification and the
attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 illustrates an example of a computer system
that may be used to execute software embodiments of the
present invention.
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[0016] FIG. 2 shows a system block diagram of a typical
computer system.

[0017] FIG. 3 is a flowchart describing steps of analyzing
hybridization data using a non-linear filter according to one
embodiment of the present invention.

[0018] FIGS. 4A-4B depict the effects of low-pass filter-
ing of hybridization data according to one embodiment of
the present invention.

[0019] FIG. 5 is a flowchart describing steps of determin-
ing expression by use of hybridization spectra according to
one embodiment of the present invention.

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

[0020] FIG. 1 illustrates an example of a computer system
that may be used to execute software embodiments of the
present invention. FIG. 1 shows a computer system 1 which
includes a monitor 3, screen 5, cabinet 7, keyboard 9, and
mouse 11. Mouse 11 may have one or more buttons such as
mouse buttons 13. Cabinet 7 houses a CD-ROM drive 15
and a hard drive (not shown) that may be utilized to store and
retrieve software programs including computer code incor-
porating the present invention. Although a CD-ROM 17 is
shown as the computer readable medium, other computer
readable media including floppy disks, DRAM, hard drives,
flash memory, tape, and the like may be utilized. Cabinet 7
also houses familiar computer components (not shown) such
as a processor, memory, and the like.

[0021] FIG. 2 shows a system block diagram of computer
system 1 used to execute software embodiments of the
present invention. As in FIG. 1, computer system 1 includes
monitor 3 and keyboard 9. Computer system 1 further
includes subsystems such as a central processor 50, system
memory 52, I/O controller 54, display adapter 56, removable
disk 58, fixed disk 60, network interface 62, and speaker 64.
Removable disk 58 is representative of removable computer
readable media like floppies, tape, CD-ROM, removable
hard drive, flash memory, and the like. Fixed disk 60 is
representative of an internal hard drive or the like. Code to
implement aspects of the present invention may be operably
disposed in or stored on any type of storage medium.

[0022] Other computer systems suitable for use with the
present invention may include additional or fewer sub-
systems. For example, another computer system could
include more than one processor 50 (i.e., a multi-processor
system) or memory cache.

[0023] Arrows such as 66 represent the system bus archi-
tecture of computer system 1. However, these arrows are
illustrative of any interconnection scheme serving to link the
subsystems. For example, display adapter 56 may be con-
nected to central processor 50 through a local bus or the
system may include a memory cache. Computer system 1
shown in FIG. 2 is but an example of a computer system
suitable for use with the present invention. Other configu-
rations of subsystems suitable for use with the present
invention will be readily apparent to one of ordinary skill in
the art. In one embodiment, the computer system is an IBM
compatible personal computer.

[0024] The VLSIPS™ and GeneChip™ technologies pro-
vide methods of making and using very large arrays of
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polymers, such as nucleic acids, on very small chips. See
U.S. Pat. No. 5,143,854 and PCT Patent Publication Nos.
WO 90/15070 and 92/10092, each of which is hereby
incorporated by reference for all purposes. Nucleic acid
probes on the chip are used to detect complementary nucleic
acid sequences in a sample nucleic acid of interest (the
“target” nucleic acid).

[0025] 1t should be understood that the probes need not be
nucleic acid probes but may also be other polymers such as
peptides. Peptide probes may be used to detect the concen-
tration of peptides, polypeptides, or polymers in a sample.
The probes must be carefully selected to have bonding
affinity to the compound whose concentration they are to be
used to measure.

[0026] In one embodiment, the present invention provides
methods of analyzing information relating to the concentra-
tion of compounds in a sample as measured by binding of
the compounds to polymers such as polymer probes. In a
particular application, the concentration information is gen-
erated by analysis of hybridization intensity files for a chip
containing hybridized nucleic acid probes. The hybridiza-
tion of a nucleic acid sample to certain probes may represent
the expression level of one more genes or expressed
sequence tags (ESTS). The expression level of a gene or EST
is herein understood to be the concentration within a sample
of mRNA or protein that would result from the transcription
of the gene or EST.

[0027] Concentration of compounds other than nucleic
acids may be analyzed according to one embodiment of the
present invention. For example, a probe array may include
peptide probes which may be exposed to protein samples,
polypeptide samples, or peptide samples which may or may
not bond to the peptide probes. By appropriate selection of
the peptide probes, one may detect the presence or absence
of particular proteins, polypeptides, or peptides which would
bond to the peptide probes.

[0028] A system that designs a chip mask, synthesizes the
probes on the chip, labels nucleic acids from a target sample,
and scans the hybridized probes is set forth in U.S. Pat. No.
5,571,639 which is hereby incorporated by reference for all
purposes.

[0029] 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 term “mismatch control” or “mismatch
probe” refer to probes whose sequence is deliberately
selected not to be perfectly complementary to a subsequence
of a particular target sequence. For each mismatch (MM)
control in an array there typically exists a corresponding
perfect match (PM) probe that is perfectly complementary to
the same subsequence of a particular target sequence.

[0030] One possible probe selection strategy is to choose
the PM probes to be perfectly complementary to successive
subsequences of the target mRNA sequence. For example,
the target sequences may be hundreds or thousands of bases
long. Each perfect match probe may be 20-45 bases long.
For example, in one such scheme, each probe is a 25-mer
probe, i.e., the probes are 25 bases long. There may be probe
pairs corresponding to every alignment to the target
sequence, or there may be, e.g., 2-5 base pair differences in
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alignment for successive probe pairs. Also, for each align-
ment used there may be multiple probe pairs.

[0031] Hybridization intensities may be obtained by fluo-
rescent scanning. The expression evaluation techniques,
described for example in European Patent Office Publication
No. 0848067 are based on relative measurements of the
hybridization intensities for PM and MM probes. For
example, the determination of whether the gene or EST is in
fact expressed in the sample may be based on the number of
probe pairs where the PM intensity exceeds the MM inten-
sity by a threshold along with the average logarithm of the
PM/MM ratios. Other criteria may be the number of probe
pairs where both the PM intensity exceeds the MM intensity
by a difference threshold or where the PM intensity divided
by the MM intensity exceeds a ratio threshold. The quanti-
tative expression level may depend on the average difference
between PM and MM intensities. Hybridization intensities
are the basis for all of these techniques.

[0032] For probe having successive alignments to a target
sequence, the hybridization intensity will not typically vary
smoothly but will rather exhibit spurious peaks. The present
invention provides systems and methods for alleviating the
deleterious effects of the peaks. In one embodiment, a
nonlinear filter is applied to the hybridization data to remove
these peaks.

[0033] FIG. 3 is a flowchart describing steps of processing
hybridization measurements using a non-linear filter accord-
ing to one embodiment of the present invention. The pro-
cedure of FIG. 3 may be applied, e.g., to the PM hybrid-
ization intensities, to the MM hybridization intensities, to
the differences between PM and MM intensities for succes-
sive probes, to the ratios of PM and MM intensities for
successive probes, or any combination of these measure-
ments.

[0034] At step 302, the procedure accepts as input inten-
sity measurements from probes used to detect the presence
of a particular hybridized sequence. These measurements
may be the perfect match measurements, mismatch mea-
surements, match vs. mismatch difference measurements,
ratio measurements, etc. The procedure is then applied for
each alignment of probe to target sequence. Each alignment
may be referred to as a “site” referring, e.g., to the base on
the target that is complementary to a center base of the PM
and MM probes. For a currently processed site, at step 304,
the procedure isolates the hybridization intensity measure-
ments collected from probes aligning to the target within a
window of N sites surrounding the current site. If the current
site is less than N/2 away from the beginning or end of the
target sequence, the vector of the intensity measurements of
the target sequence may be ‘padded’ by adding interpolated
values to its beginning and end. For example, in an embodi-
ment using a linear interpolation, if N=5 and each base 1 has
a corresponding intensity measurement denoted as X(i) for
i ranging from 1 to N, the padded values are 2¥X(1)-X(3)
and 2*X(1)-X(2) followed by the sequences, X(1) to X(N),
followed by padded values 2*X(N)-X(N-1) and 2*X(N)-
X(N-2). Note that if the probe selection scheme provides for
successive probes that may vary in alignment by more than
one base, the N sites will not always be contiguous ones. If
more than one probe pair has been used for each alignment,
averages, medians, etc. may substitute for measurements
obtained from one probe or probe pair.
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[0035] At step 306, the intensity measurements obtained
from each of the sites within the window of N sites are
ranked in order of intensity. At step 308, the measurements
from the M center sites are preserved and the rest are
discarded, thus eliminating outliers. Steps 306 and 308
implement one type of lowpass nonlinear filter that may be
used according to the present invention. Those of skill in the
art will, however, appreciate that many nonlinear filters may
be employed beneficially.

[0036] At step 310, the remaining M intensity measure-
ments are averaged together. The resulting average replaces
the original intensity measurement for the site at step 312.
Alternatively, at step 310A, the procedure obtains the
median of the remaining M intensity measurements. Then at
step 312A, the resulting median replaces the original inten-
sity measurement of the site. Processing of the current site
then being complete, the procedure continues to the next site
at step 314. Steps 304 through 314 then repeat for each
succeeding alignment of probe to target sequence.

[0037] Effectively, this filter averages over the local inten-
sity, throwing out the points with the highest and lowest
intensities. Using such a filter on both the PM and MM
signals, peaks and rapidly oscillating noise may be substan-
tially reduced. It has been found that in a chip having about
100 probes per gene, the number of expressed genes that
may be unambiguously detected (in which most of the
probes have PM>MM) increases from about 10% using the
unfiltered hybridization intensity measurements to about
20% using the filtered hybridization intensity data.

[0038] FIGS. 4A-4B depict the effects of filtering. FIG.
4A is a plot of unfiltered hybridization intensity as measured
for various alignments to the target sequence. The perfect
match and mismatch intensities are plotted separately. FIG.
4B shows a plot of hybridization intensity after filtering
according to the present invention. Again, the perfect match
and mismatch intensities have been plotted separately. Note
that a spurious mismatch peak 402 in the unfiltered plot is
removed in the filtered plot. Also, in the filtered data, 72%
of the probe pairs exceed the PM-MM threshold and the
total difference between PM and MM intensity is 2300. By
contrast, in the unfiltered data only 55% of the probe pairs
exceed the PM-MM threshold and the total intensity dif-
ference is only 200. Here, filtering makes the difference
between detecting and not detecting gene expression.

[0039] The present invention also provides an even more
sensitive system and method for detection of gene expres-
sion. This high-sensitivity detection technique takes advan-
tage of the property that each gene has a unique recurring
pattern of hybridization intensity as evaluated over probe
alignment. The pattern holds over disparate tissue types,
including, e.g., ovarian and breast tumors, pre- and post-
nude mouse cloning, and normal tissues. These patterns,
herein referred to as gene hybridization spectra, are thought
to be due to changes in the hybridization efficiency resulting
from variations in probe sequence. This gene hybridization
spectrum may be understood as a distinct signature of each
gene.

[0040] FIG. 5 is a flowchart describing steps of determin-
ing an expression using hybridization spectra according to
one embodiment of the present invention. At step 502,
probes are selected for optimal detection of gene expression.
Details of step 502 will be discussed more fully below. At
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step 504, a hybridization spectrum may be formed from
intensity measurements for probes from a particular experi-
ment. In the presently preferable embodiment, intensities are
first filtered in accordance with the steps depicted in FIG. 3
in order to remove spikes, prior to forming the hybridization
spectrum. In one embodiment, this spectrum includes the
intensity measurements for successive PM probes comple-
mentary to successive mRNA subsequences of the sequence
along the gene. MM probe measurements may also be
included or one may use difference or ratio measurements
for successive probe pairs. The presently preferable embodi-
ment forms the hybridization spectrum using the intensity
difference between PM and MM. The hybridization spec-
trum may also be obtained by averaging intensities over
many sets of identical probes on the same chip or by
averaging intensities obtained from many chips.

[0041] At step 506, this hybridization spectrum is com-
pared to a reference hybridization spectrum to determine
whether or not a given gene or EST has been expressed. The
reference hybridization spectrum may be the hybridization
spectrum formed from intensity measurements on probes
that have been exposed to a sample that is known to include
mRNA indicative of gene expression. Alternatively, the
reference hybridization spectrum may represent an average
of measurements made on many samples known to have the
expressed gene. The comparison may be to a library of
reference hybridization spectra for different genes so that
one experiment may be used to measure expression of many
genes.

[0042] 1Inone embodiment, a result of the comparison is a
first numerical indicator of similarity between the newly
formed hybridization spectrum and the reference spectrum.
A second numerical indicator may give a measure of the
ratio of the level of abundance of the mRNA in the new
experiment to the level in the reference.

[0043] Any pattern matching algorithm can be used to
perform the comparison. In one embodiment, linear regres-
sion is used. Assume that Y is the newly formed hybridiza-
tion spectrum and that X is a reference hybridization spec-
turm. The linear regression algorithm finds the best linear
relation between the signals, Y=a*X+b. Here ‘a’ is a linear
fit coefficient that gives the ratio of the level of abundance
of mRNA in the new experiment to the level of the reference.

[0044] The linear regression algorithm further gives a
regression coefficient r, which has a value between -1 and
1. A magnitude of r being close to 1 means a perfect linear
correlation between the two spectra. When r is close to zero,
that means the two spectra are completely uncorrelated. The
regression coefficient thus serves as an indicator of whether
a particular gene or EST is expressed.

[0045] 1t has been found that for a gene chip having about
100 probe pairs per gene, comparing different genes in the
same experiment gives a regression coefficient of less than
0.2, indicating that the hybridization spectra of different
genes are uncorrelated. When comparing the hybridization
spectra of the same gene from different experiments, one
obtains regression coefficients of greater than 0.8 for more
than 90% of the genes. The increased sensitivity of this
technique is due to the fact that the comparison takes into
account all of the intensity information and not just a mean
difference or some other value that attempts to represent the
intensity results for all of the probes.
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[0046] One may employ this hybridization spectrum
evaluation technique to evaluate the quality of cDNA librar-
ies by comparing the hybridization spectra of cDNA samples
to reference spectra taken from samples of known quality.
Another application would be to compare spectra to detect
mutations or call bases. The reference hybridization spec-
trum would represent the wild type. Localized differences
between the reference hybridization spectrum and the
hybridization spectrum from a new experiment would rep-
resent point mutations. By comparing a new hybridization
spectrum based on sample having, e.g., one unknown base,
to four reference spectra collected from samples having each
of the four possible bases at that position, one can call the
base based on the closest matching of the four reference
spectra. Again, the matching here may be based on a
measure of localized differences such as e.g., mean square
error, rather than an overall linear regression. To measure
local differences one can perform the linear regression
procedure over a small section of spectrum corresponding to
the mutation point.

[0047] A modification of the above technique would be to
group genes or ESTs together into families based on their
hybridization spectra. Hybridization spectra are formed
based on samples that express a known assortment of genes
or ESTs. Those spectra that correlate with each other closely
based on any pattern matching technique including the linear
regression procedure outlined above are designated to be
part of the same family. A family here is a group of genes or
ESTs that have similar hybridization spectra.

[0048] At step 502, the design of probe arrays and probe
selection strategies may be optimized to take advantage of
the hybridization spectrum approach to detecting gene
expression. A goal is to provide a sufficient number of
probes so that each gene tested by a given array will have a
detectable unique hybridization spectrum while maximizing
the number of genes detectable with the available probes on
an array.

[0049] Within the spectrum for a particular gene, each
probe may be thought to have either a high (H) or low (L)
hybridization efficiency. Thus a spectrum may be expressed
as a string of H’s and L’s, e.g., “HLLHHHHL . . . ” If there
are k probes per gene, there are 2* distinct sequences of high
and low intensities. Thus, for N genes, it may be sufficient
to have of order of k=log,N probes per gene in order to have
a detectably distinct pattern for each gene. Of course, the
probes should then be selected to give a unique pattern for
the gene.

[0050] Table 1 gives a minimum number of probes per
gene for various numbers of genes in an array.

TABLE 1
Number of Genes in Array Number of Probes per Gene
10% 7
10° 10
10* 14
10° 17
10° 20

[0051] Adding more probes per gene will improve perfor-
mance but only up to a point beyond which addition of
further probes per gene does not add performance but only
reduces the number of genes that a given array can detect.
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[0052] In the foregoing specification, the invention has
been described with reference to specific exemplary embodi-
ments thereof. It will, however, be evident that various
modifications and changes may be made thereunto without
departing from the broader spirit and scope of the invention
as set forth in the appended claims and their full scope of
equivalents. For example, it will be understood that wher-
ever “expression level” is referred to, one may substitute the
measured concentration of any compound. Also, wherever
“gene” is referred to, one may substitute the term “expressed
sequence tag.”

What is claimed is:
1. Amethod for analyzing a sample nucleic acid sequence,
said method comprising:

providing a plurality of hybridization intensities, includ-
ing hybridizing a plurality of probes to said sample
nucleic acid sequence, said plurality of hybridization
intensities collectively defining a hybridization spec-
trum of said sample nucleic acid sequence;

producing an indication of similarity by comparing said
hybridization spectrum of said sample nucleic acid
sequence to a reference hybridization spectrum, includ-
ing applying a low-pass filter procedure to said hybrid-
ization spectrum; and

using the indication of similarity to indicate an expression
of a gene specified by said sample nucleic acid
sequence.
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2. Amethod for analyzing a sample nucleic acid sequence
comprising the steps of:

providing a plurality of hybridization intensities of probes
including exposing said probes to said sample nucleic
acid sequence;

applying a non-linear low-pass filter to said plurality of
hybridization intensities; and

comparing pairs of said relative hybridization intensities,
wherein comparing pairs of said relative hybridization
intensities determines an expression of a gene specified
by said sample nucleic acid sequence.

3. Amethod for analyzing a sample nucleic acid sequence,

said method comprising:

providing a plurality of hybridization intensities, includ-
ing hybridizing a plurality of probes to said sample
nucleic acid sequence, said plurality of hybridization
intensities collectively defining a hybridization spec-
trum of said sample nucleic acid sequence;

producing an indication of similarity, including applying
a linear regression procedure to said hybridization
spectrum and said reference hybridization spectrum,
and comparing said hybridization spectrum of said
sample nucleic acid sequence to a reference hybridiza-
tion spectrum; and

using the indication of similarity to identify an expression
of a gene specified by said sample nucleic acid
sequence.
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