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Array Formats

Ralph R. Martel, Matthew P. Rounseville, and Ihab W. Botros,
and Bruce E. Seligmann

1.1 Introduction

Arrays have become an increasingly diverse set of tools for biological studies;
their use continues to expand rapidly. Likewise, the underlying array tech-
nologies, formats and protocols continue to evolve. Investigators can choose
from a growing range of options when selecting an array technology that is
appropriate for reaching their research objectives. Traditionally, arrays have
consisted of collections of distinct capture molecules – typically cDNAs or
oligonucleotides – attached to a substrate – usually a glass slide – at pre-
defined locations within a grid pattern [1, 2]. However, today’s formats are
more diverse and can be grouped into several categories. Like any catego-
rization effort, there will be exceptions, crossover technologies and tangential
relations. The intent here is only to lay out some general trends.

The classes of capture molecules used in arrays include not only DNA,
but also proteins [3], carbohydrates [4], drug-like molecules [5], cells [6], tis-
sues [7] and the like. Array formats vary in their architecture. For closed
architecture arrays, the analytes that can be measured are preselected and
locked-in during the manufacturing process. In contrast open architecture ar-
ray technologies allow the set of measured analytes to be modified or allow
new analytes to be discovered. Regardless of the architecture, various manu-
facturing technologies and various substrate materials and coatings are avail-
able as are numerous means of attaching capture molecules to substrates. A
broad variety of commercially prepared arrays can be purchased. In some in-
stances, the pre-defined grid has been eliminated and replaced with ‘virtual ar-
rays’ of optically encoded beads [8] or of analyte-specific detection labels (e.g.
e-Tags; www.aclara.com). Coupled with the diversity of arrayed molecules and
array formats is the diversity of detection schemes that include fluorescence,
luminescence, electrochemical detection, mass spectrometry, surface plasmon
resonance and others.

In spite of the diversity of formats, all arrays share a common feature:
Arrays allow multiplexed analyses, that is, arrays allow multiple tests to be
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performed simultaneously. This is the case both when many analytes are mea-
sured simultaneously in an individual sample and also when many samples are
tested at one time for an individual analyte. For instance, DNA arrays can
be used to determine the expression levels of thousands of genes in an indi-
vidual biological specimen, while tissue arrays can be used to determine the
presence of a specific antigen in hundreds of specimens in a single experiment.
Various ‘array–of–arrays’ technologies combine the measurement of numerous
analytes across numerous samples.

The impact of array technologies on the life sciences has been important. In
conjunction with bioinformatic tools to process and analyze the large amounts
of data they generate, arrays have spawned new approaches to systems biol-
ogy often described with the ‘omics’ suffix: genomics, transcriptomics and
proteomics, to name a few.

This chapter will provide the rationales for using arrays to address various
scientific questions and will outline some of the array technologies developed to
fill specific needs. This is a series of examples to illustrate the range of available
options and how one technology may be better suited than another to reach a
specific research objective, not a comprehensive survey of available tools. The
latter part of the chapter will discuss the ArrayPlateTM technology developed
by High Throughput Genomics (HTG, Tucson, AZ) to bring the benefits
of arrays to the high throughput screening phase of the drug discovery and
development process. The procedure for a multiplexed ArrayPlateTM mRNA
assay will be described and the results of an mRNA assay and a companion
multiplexed ELISA will be presented.

1.2 Reasons to Use Arrays

There are three principle justifications for using array technologies. Arrays
serve to discover unique patterns (of gene expression, protein synthesis or
post-translational modification, etc.) associated with a particular physiolog-
ical state. We use the term ‘survey array’ to describe the technologies that
are employed for this purpose. ‘Scan array’ or ‘focused array’ refers to the
array tools that measure a predefined pattern, previously established with
survey arrays. Finally, ‘efficiency array’ refers to the techniques that do not
require multiplexing per se, but that take advantage of the parallel process-
ing common to arrays to provide savings of effort, time and materials or to
improve data quality by incorporating internal controls that are measured in
each sample. Most array technologies have been developed to achieve one of
these three goals and may be inefficient for reaching the other two.

1.2.1 Arrays to Identify Patterns

The best-known array technology, the GeneChip R© developed by Affymetrix
(Santa Clara, California) is an excellent example of a ‘survey array’. According
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to the company (www.affymetrix.com), the two arrays in the Human Genome
U133 Set contain over one million distinct oligonucleotide features to monitor
the expression of 39,000 transcript variants of 33,000 different human genes in
a single sample. GeneChips R© and their cDNA and oligonucleotide array coun-
terparts are widely used to identify genes that are differentially expressed in
diseased tissues or during development or upon treatment with a drug. In
most instances, results obtained with DNA arrays show that the vast major-
ity of genes are either not expressed or not affected by disease. Typically, a
disease-specific pattern of gene expression or ‘signature’ is characterized that
involves fewer than 50 genes [9–12]. Although well suited to initially define
patterns based on the examination of a relatively small number of samples,
survey arrays are generally too labor- and material-intensive and too costly
to be used routinely thereafter in diagnostics or in drug discovery.

1.2.2 Arrays to Measure Patterns

‘Scan arrays’ that measure specific patterns are appropriate for clinical diag-
nostics and for drug discovery. While these techniques measure fewer analytes
than do survey arrays, the analytes have been carefully selected and validated.
Other attributes such as ease of use and throughput make various scan array
technologies well-suited for particular niches.

Inexpensive readout equipment is a requirement for array-based diagnos-
tic tests as such tests are performed at many different sites such as reference
laboratories, hospital laboratories and physicians’ offices but relatively infre-
quently at any given site. Cost per test however is less important since the
results provide information that is of high value. Furthermore, most diagnos-
tic testing is reimbursed by insurers. Hands-on manipulations must be simple
as testing is frequently performed by inexperienced personnel. To gain ap-
proval from regulatory agencies, diagnostics tests must yield results that are
robust and interpretable. For these reasons, various hand-held electronic array
devices appear to be in the best position to make inroads in this arena.

In drug discovery, once targets are validated, throughput becomes an im-
portant criterion, that is, how rapidly collections of hundreds of thousands of
chemical compounds can be tested to identify those compounds that elicit a
desired effect. Efficiency in the high throughput screening laboratory is ob-
tained with miniaturization (96–, 384– and 1536–well microplates) and with
extensive automation and plate handling robotics. Besides performance cri-
teria such as sensitivity and reproducibility, the success of a technology in
this setting depends upon the development of automation-friendly protocols.
While substantial expenditures on capital equipment are commonplace, cost
per sample is an issue because of the large testing volumes. The ArrayPlateTM

described later in this chapter was designed specifically for high throughput
screening.
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1.2.3 Arrays for Parallel Processing

Examples where the array format has been adopted for the efficiencies derived
from parallel processing can be found in the combinatorial chemistry litera-
ture [13]. The synthesis of chemical compound libraries has been performed
in an array format [14]. Indeed, the photolithographic process utilized by
Affymetrix to manufacture its DNA chips had its origins in combinatorial
chemistry [15]. Arrays of compounds have also been used in drug discovery
screening [16]. Microtiter plate wells that contained individual compounds
have been miniaturized to the point of vanishing with the compounds be-
coming elements of an array rather than contents of a well. Generally, using
arrays leverages sample preparation efforts. In cell-based assays for instance,
the effort of culturing cells and screening compounds is the same regardless
of whether a single or multiple measurements are made.

1.3 Arrays for Nucleic Acid Analysis

Several review articles covering advances and applications of DNA microar-
ray technology have recently been published [17,18] hence, the same material
will not be repeated here. Oligonucleotide and cDNA arrays have different
strengths and weaknesses. There is more control over the design of oligonu-
cleotide microarrays than there is for cDNA arrays. Consequently, oligonu-
cleotide arrays tend to have more uniform physicochemical characteristics and
fewer issues pertaining to cross–hybridization. For cDNA arrays, the capture
probes are typically PCR amplicons of clones derived from the organism or
the organ of interest. One advantage is that cDNA probes can be incorpo-
rated into arrays without further characterization of the underlying gene. For
both types of microarrays however, the architecture is closed, albeit at times
unknown for cDNA arrays. For illustrative purposes, several less conventional
array technologies are described.

1.3.1 Arrays on Beads

The attachment of array moieties to small particles allows multiplexed assays
to be performed in three–dimensions rather than on a flat surface. Luminex
(Austin, TX) has developed fluorochrome-coded microspheres that can be
coated with various classes of ligands. During an assay, a sample is incubated
with the beads in solution, allowing the analytes of interest to be captured
by their corresponding bead-bound ligands. A fluorescently tagged ‘reporter
molecule’ then labels the analyte species. For readout, beads are passed, single
file, through a flow cytometry device where the fluorescent tags are illuminated
by laser excitation. The resulting fluorescence of both the bead and the re-
porter molecule are quantified and decoded to yield the identity and quantity
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of the captured molecule. The application of this method to RNA expression
analysis has been described recently [8].

Illumina (San Diego, CA) has developed an alternative readout system for
bead-based arrays. A manifold of 96 fiber optic bundles, each consisting of
about 50,000 individual fibers, is manufactured to fit the standard microplate
format. A dimple etched at the end of each fiber can accommodate one of the
company’s 3 µm beads. This enables fluorochrome excitation and emission
of the beads and of fluorescently-labelled analytes through the fiber. The
company claims that combinations of fluorescent dyes uniquely identify up
to 1,500 beads that can be sampled with 30–fold redundancy to provide a
statistical average readout. Presently, the method appears to be used mainly
in single nucleotide polymorphism (SNP) genotyping of multiple samples, as
reviewed by Oliphant [19].

1.3.2 Electronic Arrays

Array technologies have used electronics to program open architecture sys-
tems, to accelerate hybridization kinetics and control stringency, and to de-
tect captured analytes. The NanoChip R© (Nanogen, San Diego, CA) incor-
porates 100 electrode test sites that are coated with a hydrogel containing
streptavidin. This system has an open architecture. Programming is with bi-
otinylated target–binding probes that migrate to specific electrodes when a
positive charge is applied and that remain bound to the streptavidin after-
wards. An electric field is also used to concentrate target molecules at the
electrodes to accelerate their hybridization and subsequently, to drive away
non-specifically bound materials. Final detection of target is by fluorescence.
The eSensorTM DNA detection system (Motorola, Pasadena, CA) uses a self-
assembled monolayer (SAM) array of target-specific 22–mer oligonucleotides
covalently bound to the gold electrodes of a circuit board [20]. Target nucleic
acids hybridized to the array are detected with ferrocene-labelled signaling
probes that hybridize with their target next to the capture probe. An applied
potential causes the transfer of electrons from the ferrocene to the gold elec-
trode with the measured current quantifying the ferrocene label. SNPs can
be detected as perfect hybrids that generate signals at least twofold greater
than do single–base mismatches. Both of these technologies have targeted
diagnostic applications.

1.3.3 SAGE

Serial analysis of gene expression (SAGE) allows the simultaneous detection
and quantification of multiple mRNA species [21, 22] although it is not an
array technology per se. SAGE relies on the isolation of unique sequence
tags from individual mRNA molecules via a process that includes mRNA
isolation, reverse transcription, restriction enzyme digestion, ligation and PCR
amplification. The tags are subsequently ligated to form concatamers that
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are sequenced to reveal both the identity and abundance of expressed genes.
Unlike conventional arrays, SAGE can identify novel transcripts.

1.4 Protein Arrays

The development of protein arrays has lagged behind that of DNA arrays pri-
marily because of the greater complexity of proteins. While DNA microarrays
have become the tools of choice for characterizing patterns of gene expres-
sion, two–dimensional gel electrophoresis remains the standard method for
generating ‘protein fingerprints’.

Multiplexed immunoassays are the most developed application for protein
arrays. Three strategies have emerged. One is the miniaturization and mul-
tiplexing of the standard enzyme linked immunosorbent assay (ELISA), in
which capture antibodies are arrayed onto slides or microtiter plates. A varia-
tion on this method that requires only a single antibody for each antigen, is to
label the proteins in a sample with one fluorochrome and the proteins in a ref-
erence sample with a second fluorochrome. The differentially labelled samples
are mixed and incubated with an antibody microarray which is scanned. The
ratio of the two fluorescent dyes at each spot in the array corresponds to the
relative concentration of each protein in the two samples [23]. Improvements
in sensitivity and signal–to–noise ratio will be required for this methodology
to become useful for measuring protein changes in biologically relevant sam-
ples. A third strategy, which may be particularly useful for diagnostic assays,
is to prepare arrays of antigens. Such arrays allow samples to be tested for
the presence and the titer of antibodies to particular antigens. This approach
lends itself to develop broad–spectrum tests for certain autoimmune diseases
and for exposure to infectious agents. As for nucleic acids, bead arrays also
lend themselves to proteomic applications.

The technological challenges that remain are the development of specific,
high affinity ligands that can be produced on a large scale and in a relatively
short time. Distinguishing between various post-translational modifications,
such as phosphorylation and amidation, are also technical features that need
to be addressed. It is likely that different types of protein arrays will be
required for cataloging the proteome, detecting differences in expression, and
for screening compounds. For a more extensive review on the development
of protein-detecting microarrays and related devices see Kodadek [24] and
Schweitzer [3].

The development of arrays of functionally active proteins such as enzymes
and receptors is progressing rapidly and the significant advances in this area
are the topic of Chaps. 14–16 in this book.
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1.5 The ArrayPlateTM

HTG developed the ArrayPlateTM as a platform technology with an open ar-
chitecture to conduct a variety of multiplexed assays in microtiter plates. The
goal was to extend the capabilities and information content of conventional
drug discovery and development assays for two purposes. The first was to
provide a technology to allow genomic and transcriptomic efforts to progress
from target discovery to drug discovery, that is, from the description of disease-
specific signature patterns of gene expression to the identification of signature-
modulating compounds. How the multiplexed ArrayPlateTM mRNA assay
achieves this is discussed. The second purpose was to provide screening labo-
ratories with another means to increase their efficiency as multiplexing is syn-
ergistic with both automation and miniaturization to enhance productivity.
The multiplexed ELISA serves as an example for this. ArrayPlateTM assays
rely on a single hybridization to transition from an open to a closed architec-
ture. The benefits of this hybridization step, termed “reagent programming”,
that modifies the binding specificity of each element in a universal array, will
be outlined. For the mRNA assay, a multiplexed nuclease protection assay
is combined with the capture of processed nuclease protection probes on the
array. Enzyme-mediated chemiluminescent detection subsequently quantifies
probes in the mRNA assay and antigens in the multiplexed ELISA.

1.5.1 Materials and Methods

ArrayPlateTM Manufacture

The 96–well ArrayPlatesTM contained at the bottom of each well of flat-
bottom poly-styrene microtiter plate (FalconTM) modified with N–oxysuccini-
mide ester, a four–by–four array of 16 distinct oligonucleotide elements 100 µm
in diameter and spaced 800 µm on center. Each of the 16 anchor oligonu-
cleotides incorporated a unique 25–mer sequence and was 3′-modified with
heptylamine. Arrays were printed with a PixSys 3000 microarrayer equipped
with 85 µm inner diameter ceramic dispensing tips (Cartesian Technologies,
Irvine, CA) in an environmental chamber (26◦C and 80% relative humidity).

Oligonucleotides and Antibodies

The 16 target human mRNA species each required three oligonucleotides:
A nuclease protection probe, a programming linker and a detection linker.
These oligonucleotides were designed using ArrayPlateTM Oligo v.3.0 soft-
ware (HTG, Tucson, AZ) and synthesized (Epoch Biosciences, San Diego, CA
and Sigma–Genosys, The Woodlands, TX) as detailed elsewhere [25]. The 16
genes examined were glyceraldehyde 3–phosphate dehydrogenase (GAPDH),
interleukin–1β (IL–1β), tumor necrosis factor–α (TNF–α), tubulin, cathep-
sin G (catG), cyclooxygenase–2 (cox–2), granulocyte colony stimulating fac-
tor (G–CSF), granulocyte macrophage colony stimulating factor (GM–CSF),



10 Ralph R. Martel et al.

glutathione S–transferase Pi–1 (GST Pi–1), high mobility group 17 (HMG–
17), cyclophilin (cyclo), β–thromboglobulin (bTG), lactate dehydrogenase
(LDH), tissue inhibitor metalloprotease 1 (TIMP–1), matrix metaloproteinase
9 (MMP–9) and β–actin.

Briefly, each programming linker was a 50–mer comprising a 5′ 25–mer
complementary to one of the 16 anchor oligonucleotides and a 3′ 25–mer com-
plementary to one of the 16 target-specific nuclease protection probes. Each
nuclease protection probe was a 65–mer composed of a 50–base sequence with
48% to 52% GC content, complementary to the target mRNA. Each protec-
tion probe also incorporated a target-independent 15–mer control sequence.
Each detection linker oligonucleotide was a 50–mer designed with a common
3′ 25–mer sequence and a unique 5′ 25–mer complementary to the 5′–terminal
25–mer of the corresponding nuclease protection probe. Finally, a detection
conjugate of horseradish peroxidase labelled with the 25–mer sequence com-
plementary to the common 3′-end of all detection linkers was used to generate
a luminescent signal.

All oligonucleotides were tested before use in an assay by means of a design
of experiments protocol that ensured that each oligonucleotide hybridized as
intended without showing unintended and interfering binding. The behavior
of individual oligonucleotide species was deduced from the observed behavior
of predefined oligonucleotide mixtures.

For the antibody assays, ELISA-ready antibody sets, recombinant anti-
gen standards and streptavidin–peroxidase were obtained from R&D Systems
(Minneapolis, MN).

Cell Culture and Treatments

The human THP–1 acute monocytic leukemia cell line (ATCC, Manassas,
VA) was grown in either T–175 culture flasks or in 96–well V–bottom cell
culture plates (Falcon) at 37◦C with 4% (v/v) CO2 and 80% relative hu-
midity in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine
serum, 100 U/ml penicillin and 100 µg/ml streptomycin (Hyclone, Logan,
UT). Phorbol merystil acetate (PMA) treatment (0.1 µg/ml in RPMI for 48
hours) caused the cells to differentiate to adherent monocytes.

Cells activation was induced with four hours of treatment with 1 µg/ml
bacterial lipopolysaccharide (LPS) (Sigma, St. Louis, MO) in culture medium.
Dexamethasone (Sigma, St. Louis, MO) treatments were with compound dis-
solved at various concentrations in culture medium. Cells growing in suspen-
sion in microtiter plates were harvested by centrifugation at 180× g for 5 min-
utes (GS15, Beckman Coulter, Fullerton, CA). Removal of culture medium
from cell pellets and from adherent cells in wells was by aspiration.

Multiplexed Nuclease Protection Assay

All reagent additions were performed with a 96–channel Biomek FX auto-
mated pipettor (Beckman Coulter, Fullerton, CA). Media-free THP–1 cells
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in 96–well culture plates received in rapid succession 30 µl/well lysis solution
(HTG, Tucson, AZ) that contained each of the 16 nuclease protection probes
at 30 pM and 60 µl/well mineral oil (Sigma, St. Louis, MO). The plates were
incubated for 10 minutes at 95◦C, for 6 hours at 70◦C and were allowed to
cool to room temperature for 10 minutes. The plates received 20 µl/well S1
nuclease solution (50 S1 units in 1.4 M sodium chloride, 22.5 mM zinc sulfate,
250 mM sodium acetate, pH 4.5) (Promega, Madison, WI) and were incu-
bated for 30 minutes at 50◦C. The plates received 10 µl/well 1.6 M sodium
hydroxide, 135 mM EDTA and were heated for 15 minutes at 95◦C. After
cooling at room temperature for 15 minutes, the plates received 10 µl/well
Neutralizing Solution (1 M HEPES, pH 7.5, 1.6 M HCl, 6× SSC). For each
well, 60 µl of the 70 µl aqueous subphase was transferred from the cell culture
plate to a programmed (i.e. programming linker-modified) ArrayPlateTM, fol-
lowed immediately by the additional transfer of 60 µl of aqueous subphase
and overlayering oil.

Reagent Modification of Universal Arrays

The washing of ArrayPlatesTM was completed in 60 seconds with a 96–channel
plate washer (ELx405 Auto Plate Washer, Bio–Tek Instruments, Minooski,
VT) and consisted of six dispenses and aspirations of 300 µl/well 1× SSC
(150 mM sodium chloride, 15 mM sodium citrate, pH 7) with 0.1% (v/v)
Tween–20 (Sigma, St. Louis, MO).

Following a wash cycle, the ArrayPlatesTM received 50 µl/well program-
ming linker solution that consisted of each of the 16 programming linker
oligonucleotides at 5 nM in SSCS (1× SSC, 0.1% (w/v) SDS). After a one-
hour hybridization at 50◦C, the ArrayPlatesTM were washed again. These
were programmed (i.e. programming linker-modified) ArrayPlatesTM.

Capture and Detection of Protection Probes on the ArrayPlateTM

Programmed ArrayPlatesTM containing nuclease protection-processed cell
lysates were incubated overnight at 50◦C and washed. The ArrayPlatesTM re-
ceived 50 µl/well detection linker solution that contained each of the 16 detec-
tion linker oligonucleotides 5 nM in SSCS. The plates were incubated for one
hour at 50◦C and washed. Next, the ArrayPlatesTM received 50 µl/well detec-
tion enzyme conjugate solution and were incubated for 30 minutes at 37◦C fol-
lowed by a wash. Detection enzyme conjugate solution contained 10 nM detec-
tion enzyme conjugate in SSCS. The ArrayPlatesTM received 50 µl/well chemi-
luminescent peroxidase substrate (Atto–PSTM Lumigen, Southfield, MI) and
were imaged from the bottom with an Omix CCD imager (HTG, Tucson, AZ)
for 30 seconds to 6 minutes, depending on signal intensity, within 30 minutes
of substrate addition.
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Image Analysis

Digital images of ArrayPlatesTM were analyzed with software (ArrayPlateTM

Fit v.3.31a, HTG, Tucson, AZ) that extracted luminescence intensity data
for each array element in a plate. The resulting data were exported as
comma-separated value (CSV) files that were processed further with soft-
ware (ArrayPlateTM Crunch, HTG, Tucson, AZ) that allowed manipulation
of the intensity data, for instance, to normalize signals within arrays to any
combination of array elements. Intensity data CSV files were also imported
into Excel spreadsheets (Microsoft, Redmond, WA) for further analysis.

1.5.2 Results and Discussion

Reagent Programming of Universal Arrays

The 96–well ArrayPlatesTM contain the same universal array of 16 distinct el-
ements printed at the bottom of each well. Each element consists of a position-
specific, covalently bound ‘anchor’ species that incorporates an oligonucleotide
25–mer recognition feature. Since identical arrays are printed across all wells
of all plates, the manufacture of ArrayPlatesTM is standardized and subject
to rigorous quality control procedures.

In spite of this standardized production, ArrayPlatesTM provide an open
architecture to allow customized assays: A ‘reagent programming’ hybridiza-
tion immobilizes specific capture reagents at preselected positions in the uni-
versal array. This is achieved using a cocktail that contains 16 bifunctional
‘programming linker’ species. Each programming linker contains both an
oligonucleotide complementary to a specific anchor and an analyte-specific re-
gion. Thus, the hybridization of linkers to anchors immobilizes analyte-specific
reagents at predetermined positions within the array (Fig. 1.1, top left panel).

Reagent programming provides versatility. The analyte-specific region of a
programming linker can be an oligonucleotide, a peptide, a protein or a chem-
ical compound, depending upon the type of assay that is to be performed:
Programming linkers that consist of antibody conjugated to anchor-binding
oligonucleotide are suited for multiplexed ELISAs or for setting up arrays of
antigens. Programming linkers that have two oligonucleotide regions serve to
capture target RNA, DNA or oligonucleotides. Conjugates of anchor-binding
oligonucleotide and substrate peptides can be used for instance, for multi-
plexed kinase and phosphatase assays. With reagent programming, different
combinations of assay capacity versus content become possible. For example,
the user can program all the wells in a plate identically to measure 16 targets
per sample across 96 samples. Alternatively, by programming arrays in pairs
and splitting samples across two wells, 32 targets (16×2) can be measured in
48 samples (96÷2).
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Fig. 1.1. ArrayPlateTM mRNA Assay Principles. Upper left: Reagent program-
ming modifies the binding specificity of each array element via the hybridization
of a bifunctional programming linker to an anchor oligonucleotide. Upper right: A
multiplexed nuclease protection assay preserves a stoichiometric quantity of oligonu-
cleotide probe while destroying target mRNA. Bottom: Probe surviving the nuclease
protection assay is immobilized by hybridization with its corresponding array-bound
programming linker. Probe bound to the array in this manner is labelled in suc-
cession with detection linker oligonucleotide and peroxidase-containing detection
conjugate. The light generated upon the addition of chemiluminescent peroxidase
substrate is imaged with a CCD camera
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Table 1.1. ArrayPlateTM mRNA Assay Protocol Multiplexed Nuclease Protection

Media-free cells in a 96–well plate

Add 30 µl/well Lysis Solution with NPA Probes
Add 60 µl/well Overlayering Oil
Incubate for 10 minutes at 95◦C
Incubate for 6 hours at 70◦C
Add 20 µl/well S1 Nuclease Solution
Incubate for 30 minutes at 50◦C
Add 10 µl/well Hydrolysis Solution
Incubate for 15 minutes at 95◦C
Incubate for 15 minutes at RT
Add 10 µl/well Neutralizing Solution

Probe Detection in ArrayPlateTM

Add 50 µl/well Programming Linker Solution
Incubate for 1 hour at 50◦C and wash
Transfer 60 µl/well aqueous phase to ArrayPlateTM

Receive 60 µl/well aqueous phase from culture plate
Transfer 60 µl/well Overlayering Oil to ArrayPlateTM

Receive 60 µl/well Overlayering Oil from culture plate
Incubate overnight at 50◦C and wash
Add 50 µl/well Detection Linker Solution
Incubate for 1 hour at 50◦C and wash
Add 50 µl/well Detection Probe Solution
Incubate for 30 minutes at 37◦C and wash
Add 50 µl/well Luminescent Substrate
Image

Expression Profiling

The multiplexed mRNA assay is a cell-based assay designed for the primary
and follow-up screening of compound libraries. This required that the assay
be capable of establishing structure–activity relationships (SAR) to correlate
molecular features of screened compounds with their effects on the expression
of target genes. Furthermore, assay protocols had to be automation-friendly.
Both were achieved with a multiplexed solution–phase nuclease protection
assay (NPA) that required only reagent additions and incubations and that
avoided RNA isolation, reverse transcription, target amplification and fluo-
rescent labelling.

The NPA served to convert labile target mRNA molecules to stoichio-
metric amounts of stable oligonucleotide probes (Fig. 1.1, top right panel);
protocol details are provided in Table 1.1 Cells were grown in 96–well plates
and treated with compounds. Following the treatment, culture media was re-
moved and the cells were lysed with a solution that contained a large excess
of nuclease protection probes complementary to each of the 16 target mRNA
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species. A heat denaturation step served to inactivate endogenous nucleases
and to remove secondary structure in the target mRNA species. During a sub-
sequent incubation, probe hybridized to mRNA. S1 nuclease, an enzyme that
specifically cleaves single-stranded nucleic acids [26–28], was added to digest
excess probes and unhybridized mRNA, leaving only duplexes of probe and
mRNA intact. An alkaline hydrolysis simultaneously inactivated the S1 nucle-
ase and destroyed the RNA component of the mRNA:probe duplexes. Upon
neutralization of the samples, nuclease protection probes remained in amounts
proportional to the concentration of the complementary target mRNA species
that had been present in the original cell sample. These probes were subse-
quently quantified with an ArrayPlateTM. Since all nuclease protection probes
were designed to have similar lengths and GC content regardless of their target
genes, various probes showed similar behaviors in the assay and consequently,
a standardized NPA protocol could be used.

Fig. 1.2. Treatment-Dependent Gene Expression Patterns. The 16 genes that were
measured are shown on the left. Five adjacent wells in an ArrayPlateTMare shown
on the right. Each well contained sample from 30,000 THP–1 monocytes subjected
to a particular regimen involving combinations of treatment with the phorbol ester
PMA, with bacterial lipopolysaccharide (LPS) and with dexamethasone (Dex). Each
treatment resulted in a distinct pattern of gene expression

The probe-containing hydrolysate resulting from the NPA was transferred
from the cell culture plate to a reagent-programmed ArrayPlateTM (Fig. 1.1,
lower panel). Array-bound programming linkers captured the various nucle-
ase protection probes at specified elements within the array. Each 50–mer
nuclease protection probe was bound by its 3′–terminal 25–mer to its comple-
mentary programming linker. The exposed 5′–terminal 25–mer of each probe
was subsequently labelled by hybridization with a specific detection linker
oligonucleotide. Each of the 16 different 50–mer detection linkers contained a
common 3′ 25–mer in addition to a 5′ 25–mer specific to one of the probes.
The common 3′ 25–mer of the detection linkers served to bind a final oligonu-
cleotide that was conjugated to horseradish peroxidase. Thus, a five-layered
sandwich hybridization took place at each element: Anchor to programming
linker to nuclease protection probe to detection linker to peroxidase conju-
gate. The amount of peroxidase immobilized at a given array element was
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determined by the amount of nuclease protection probe bound there as this
probe was the limiting reagent.

Upon the addition of chemiluminescent peroxidase substrate, light was
generated at each array element in proportion to the amount of peroxi-
dase immobilized there. Within 30 minutes of substrate addition, the entire
ArrayPlateTM was imaged for 30 seconds to 6 minutes with a high resolution
CCD imager. The digital images of ArrayPlatesTM were analyzed with image
analysis software that reported the signal intensity for each element in a plate
after correcting the intensity for local background and, when applicable, for
the contribution of adjacent elements.

Changes in the patterns of expression of 16 genes in THP–1 monocytes
subjected to various treatment regimens are shown in Fig. 1.2. Various treat-
ments were useful to establish performance characteristics for the assay.

Performance Characteristics

Sensitivity was determined by examining serial dilutions of a bulk lysate of
LPS-stimulated THP–1 monocytes. The assay was linear for all expressed tar-
get genes over a broad range of sample sizes (Fig. 1.3a) and, more importantly,
expression ratios between genes remained constant. Useful gene expression
data could be obtained from samples of 1,000 cells or fewer. However, the
assay was most robust for samples ranging from 25,000 to 50,000 cells.

To determine the absolute sensitivity of the assay, quantified cox–2 mRNA
obtained by in vitro transcription was tested (Fig. 1.3b). Here too, assay re-
sponse was linear over the entire range that was tested (up to nearly 6,000,000
molecules) with the best fit linear regression showing a coefficient of correla-
tion greater than 0.99. As few as 150,000 cox–2 mRNA molecules were de-
tectable. Similar sensitivities were observed with in vitro transcripts of other
genes (data not shown). The reproducibility of the mRNA assay was deter-
mined for each target using 30,000 cells/well samples of untreated THP–1 cells
(n=48) and cells treated with PMA and LPS (n=48). The data for each well
were normalized to GAPDH (the housekeeping gene for these experiments)
and the coefficient of variability (CV, i.e. standard deviation as a percentage
of the average) was determined for each gene (Table 1.2). The average CV
was 6.4% for untreated cells and 7.6% for treated cells, ranging from a low
of 3% for cathepsin G in untreated cells to a high of 13% for GST Pi–1 and
cyclophilin in treated cells.

Antibody Array

In a proof–of–principle study, a companion multiplexed ELISA was established
to simultaneously quantify five antigens (IL–1β, TNFα, G-CSF, MCP–1 and
IL–8). The antigens were selected based on the availability of an ArrayPlateTM

mRNA assay for the corresponding genes and of commercial ELISA reagents.
The commercial kits contained capture antibody, biotinylated detection anti-
body, streptavidin–peroxidase conjugate and recombinant antigen standard.
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(a)

(b)

Fig. 1.3. Sensitivity of the mRNA Assay. (a) Serial dilutions of LPS-stimulated
cells were analyzed. The linear response for seven of the target genes is shown with
the low range enlarged in the insert. (b) Serial dilutions of cox–2 mRNA obtained
by in vitro transcription were analyzed. The error bars show the standard deviation
(n=4) of signal intensity at each concentration
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Table 1.2. Reproducibility of the mRNA Assay

GENE UNTREATED CELLS TREATED CELLS

Average Average
Name Accession Signal %CV Signal %CV

Number (n=48) (n=48)
GAPDH M17851 1000 6% 1000 9%
IL–1β M15840 – – 1778 5%
TNF–α M10988 – – 1416 4%
Tubulin AF141347 224 7% 80 10%
Cathepsin G M16117 510 3% – –
Cox 2 M90100 – – 791 6%
G–CSF E01219 – – 103 8%
GM–CSF E02975 – – 77 10%
GST Pi–1 X06547 79 10% 35 13%
HMG–17 M12623 541 6% – –
Cyclophilin X52851 333 10% 251 13%
β–Thromboglobulin M17017 – – 895 6%
LDH X02152 228 5% 268 7%
TIMP–1 X03124 – – 833 6%
MMP–9 J05070 – – 1117 4%
Actin M10277 1231 4% 1000 5%
AVERAGE: 6.4% 7.6%

Performance Characteristics

The recombinant standards were used to establish the specificity of each of
the five antibody sets in the array and to determine the sensitivity and re-
producibility of the assay. Figure 1.4 shows the five sensitivity curves that
were obtained. For each of the five antigens, the sensitivity of the multiplexed
assay was approximately the same as reported by the antibody supplier for
the corresponding traditional ELISA and ranged from less than 0.5 pg/ml for
IL–8 to approximately 2 pg/ml for G–CSF. To determine the reproducibility
of the multiplexed ELISA, a solution that contained each of the five antigens
at 5 pg/ml was analyzed in 36 replicate wells. Data were normalized to 10,000
luminescence counts per well and assigned to each of the five elements accord-
ing to their relative intensities. CV values ranged from 7% for IL–8 to 15%
for MCP–1 (Table 1.3).

Examples

To illustrate the high content that is achievable with multiplexed assays, sam-
ples of 30,000 THP–1 cells per well were treated with PMA and examined
over time. Secreted and intracellular protein profiles were obtained with the
multiplexed ELISA while the ArrayPlateTM mRNA assay served to moni-
tor gene expression. Secreted proteins were measured in the culture medium
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Fig. 1.4. Sensitivity of the Multiplexed ELISA. Serial dilutions of recombinant
antigen standards were tested. The sensitivity curves are shown

Table 1.3. Reproducibility of the multiplexed ELISA

AVERAGE
ANTIGEN SIGNAL S.D. %C.V.

(Normalized)

IL–1β 1,646 192 12%
TNF–α 1,685 129 8%
G–CSF 973 102 10%
MCP–1 1,415 214 15%
IL–8 4,281 280 7%

while mRNA and intracellular proteins were measured in cell lysate. Eight
replicates (one column in a 96– well plate) were examined at each of six time
points. Results for IL–1β are shown in Fig. 1.5. The induction of IL–1β mRNA,
the intracellular accumulation IL–1β and the secretion of protein could all be
measured for samples derived from individual wells. Additionally, similar data
were obtained for four other proteins and 15 additional genes.

1.6 Conclusion

Arrays encompass a range of technologies to conduct multiplexed assays. The
ArrayPlateTM platform is aimed at bringing the benefits of arrays to the
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Fig. 1.5. mRNA and Protein Levels Following Treatment. THP–1 monocytes were
examined at different intervals following treatment with PMA. mRNA and intracel-
lular proteins were measured in cell lysate while secreted proteins were measured in
the culture media. The results obtained for IL–1β are shown. The error bars show
the standard deviations for eight replicates at each time point

drug discovery process. The ArrayPlateTM mRNA assay is an automation-
compatible method for quantifying 16 genes simultaneously with a sensitivity
of 150,000 molecules and reproducibility of <10% average CV. The use of
reagent-modifiable arrays and of whole–plate imaging of chemiluminescent
read-out signals are features that will allow this multiplexed format to be
applied to a variety of high throughput screening assays.
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