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ABSTRACT

Microarray analysis is a powerful approach to interrogating large sets of biomolecules,
and it has provided the basis for analysis of a wide range of molecular states at levels of
DNA, RNA and protein. It is important to understand the limitations of current
microarray platforms in order to develop enhanced technologies, and to define the role of
microarrays compared to e.g. new parallel DNA sequencing approaches. In this brief
survey we describe some new trends in microarray-based analyses, and we compare these
to other approaches towards high-throughput molecular biology.

INTRODUCTION

The use of microarrays traces its roots to several trends during the late 20" century,
following Richard Feynman’s famous dictum “There’s plenty of space at the bottom”
(http://mwvww.zyvex.com/nanotech/feynman.html). Particularly important inspirations are
the reverse dot blot techniques', Roger Eakin’s miniaturized sandwich elisas?, and the
efforts to establish parallel methods for sequencing by hybridization®. Ever since the
introduction of nucleic acid microarrays as we recognize them today*®, feature density,
probe types and application areas have expanded continuously. Initially microarray
quality control issues produced data that frequently was inconsistent among users, a
problem that is being countered by community efforts, including the EU sponsored
EMERALD project. While initial applications focused on analyses of transcript levels,
more recent technologies also serve to investigating factors like splice variation and the
presence of single nucleotide polymorphisms (SNPs)®’. Novel technologies,
improvements of current protocols and manufacturing methods will have major effects on
how the microarray analysis format can be incorporated in future applications. We will
review recent trends in the microarray field and discuss how microarrays can be
improved as well as inherent limitations of the technology. The microarray technology is
specifically discussed in the context of the new nucleic acid sequencing platforms that are
currently rapidly gaining popularity.

RECENT TRENDS
Microarray-based techniques for gene expression profiling have evolved continuously
and currently synthetic oligonucleotide arrays are generally favored over microarrays
generated by printing PCR products. Oligonucleotide arrays allow more exact in silico
design of probe sets and several oligonucleotide probes can be used to target individual
genes. Probes can be designed to tile each gene to be investigated. Alternatively, probes
targeting separate exons® or exon junctions® can be used to interrogate splice variation.
The density of microarrays has been successively improved and currently microarrays
comprising between 100.000 and one million features are routinely produced. Probe



density therefore is no longer a limiting factor for most expression profiling applications.
Early inter-platform comparisons investigating differentially regulated genes often
identified poorly overlapping gene sets'®!'. This has been improved by community
efforts such as the use of common RNA standards*? and standards for reporting minimum
experiment information from  microarray-based  analyses*®. The increased
commercialization of and competition among manufacturers of microarray technologies,
along with centralization of the application of the technology to core centers have
improved production standards and handling. As a consequence, recent comparisons of
microarray platforms paint a more promising picture of the available techniques™. The
most widely used providers of devices for microarray analyses currently is Affymetrix,
followed by Agilent, Illumina, GE, Applied Biosystems.

The development of robust nucleic acid microarray techniques for gene expression
profiling has provided an inspiration for many other microarray application areas.
Currently, microarrays are used for calling a million single nucleic acid polymorphisms
(SNPs) in parallel, thus enabling the analysis of the genetic basis of complex traits like
pigmentation and height™'®. The microarray platform has been applied for analyses of
splicing, transcription factor binding sites'’, chromatin immunoprecipitation with
microarray readout'® (ChIP on chip), and recently microarrays have become popular for
capturing exons for subsequent high-throughput sequencing of selected parts of
genomes™.

ROOM FOR IMPROVEMENT

There remains considerable room for improvement of microarray analyses, however.
Current microarray platforms typically enable detection of transcripts that are present at
1-10 copies per cell as determined using quantitative PCR?®?!. Although this detection
limit may appear sufficient at a glance, this may not be the case for many applications. In
a study by Zhang et al. where the SAGE technology was used to sequence bits of
transcripts, an estimated 86% of all transcripts were expressed at levels below five
transcripts per cell??. The problem is compounded by the fact that investigated tissue
samples do not comprise homogenous cell populations, resulting in lower expression of
transcripts from minor subpopulations. Even in homogenous cell populations, temporal
regulation like cell cycle specific transcription and transient expression bursts separated
by periods with little or no expression can produce average transcript abundances below
one copy per cell. Weak microarray signals typically display higher variation and they are
also more vulnerable to cross-hybridization of abundant targets, reducing assay
performance.

Amplification and specificity

One frequent misconception among microarray users is that amplification of either the
target nucleic acid or the detection signal are sure means to solve problems with limits of
detection and dynamic ranges. In practice, however, enhanced amplification that is not
accompanied by the appropriate specificity cannot enhance microarray performance. If a
microarray probe fails to discriminate a target transcript from a homologous transcript
present at much higher concentration, then amplification of absolute transcript
concentrations or signals generated in the microarray feature cannot prevent that the more



abundant transcripts is detected in place of the intended one. Amplification of non-
specific signals will also increase background signals, and it may therefore reduce overall
microarray performance.

Complexity of the transcriptome vs. the genome

The scoring of SNPs in genomic DNA requires additional means besides conventional
hybridization due to the sample complexity. These means may include reduction of DNA
complexity prior to microarray hybridization® or introduction of enzymatic steps that
serve to enhance discrimination?. Recent reports indicate that a large proportion of the
non-repetitive genome is transcribed®®, rendering the complexity of the transcriptome
similar to that of the genome. This may explain the relative difficulty of interrogating rare
transcripts as the specificity required to detect these would be similar to that required in
SNP analysis. Considering that the levels of transcript expression can vary over a million
fold®, the molar fraction of a rare transcript in the transcriptome may be even lower than
that of a single-copy genomic locus subjected to SNP analysis. It becomes increasingly
difficult to maintain specificity and to avoid cross-hybridization the more rare the target
transcript is in the analyzed sample.

Improving microarrays

The problem of cross hybridization of targets in solution to erroneous microarray probes
can be improved in several ways. The combination of probe-target hybridization with on-
chip enzymatic discrimination’ is one strategy and the use of multiple probes for
targeting each transcript is another®. Approaches have also been established where
nucleic acid probes recognize target molecules in solution and thereby become converted
to amplifiable probe molecules that include standard nucleic acid zip codes for
subsequent sorting on tag microarrays®® #. Although tags designed in silico can serve to
improve hybridization specificity, it is apparent that not all mechanisms underlying cross
hybridization are clearly understood, and in silico designed tag sets still display some
levels of cross-hybridization?®. The chip-based hybridization of tagged probe
amplification products has been successfully combined with enzyme-based recognition
steps that enhance discrimination in order to eliminate cross-hybridization signals.

In one recent approach our group used ligation of so-called padlock probes, directed at
specific cDNAs to measure gene expression with microarray read-out via a dual-tag
approach. After amplification of circularized probes in solution by rolling circle
amplification (RCA), amplified and monomerized single-stranded reporter molecules
were in turn circularized upon recognition of dual-tag containing oligonucleotides in
microarrays. Reporter molecules whose tag sequences at each end perfectly matched the
immobilized probes were thus converted to circular DNA strands, and could be detected
after signal amplification by a second, on-chip RCA (Figure 1). This procedure depends
on highly specific probe ligation reactions, templated first by cDNA targets, and then on
arrays, and it was shown to enhance performance by both greatly reducing cross
hybridization and enhancing signal output®’.

Microarray limitations



It appears plausible, although still controversial, that a certain background or leakage
expression occurs from the genome at a level that is insignificant for cellular function.
Random transcription of genomic sequences or leakage transcription from bona fide
promotors could generate transcripts and/or proteins at concentrations or in contexts
where the products lack functional effects without resulting in evolutionarily deleterious
effects. The consequence of such transcription events may be that many transcripts are
found that are expressed at low and non-functional levels in all cells. This average
transcript noise level would then set the limit for detection of meaningful gene expression
in cellular subpopulations. If the expression of biologically significant transcripts in a
minor cell population does not exceed this background expression of the whole
population, then these transcripts will be extremely difficult to analyze even with perfect
specificity of detection. Novel technologies enabling analysis of targets in single cells
will be important to investigate expression patterns of minor sub-populations or transient
temporal expression bursts. However so far these technologies typically only allow
analysis of single or few targets per analysis compared to microarrays.

NEXT GENERATION SEQUENCING & FUTURE TRENDS

Recently several new platforms for DNA sequence analysis have been introduced
allowing analysis of up to ten billion bp per instrument run. Microarrays are closely tied
to the development of these next generation sequencing approaches. Firstly, parallel
sequencing techniques may become directly competitive with gene expression analysis
using microarrays. Secondly, the microarray platform may complement next generation
sequencing by assisting in sample preparation for sequencing by exons capture. Finally,
ordered microarrays may also provide a basis for next generation sequencing by ordering
templates in defined locations.

Methods like SAGE (Velculescu VE, Zhang L, Vogelstein B, and Kinzler KW (1995).
Serial Analysis Of Gene Expression. Science 270, 484-487) or MPSS (Brenner, S.,
Johnson, M., Bridgham, J., Golda, G., Lloyd, D. H., Johnson, D., Luo, S., McCurdy, S.,
Foy, M., Ewan, M., et al. (2000) Nat. Biotechnol. 18, 630-634) have been available for
some time for measuring gene expression by sequencing short segments of individual
expressed genes in order to idenitify these. The new next genration sequening instrument
have been used in a similar fashion to provide digital data on gene expression
(www.illumina.com) and the new sequencing techniques have also been used to sequence
full length cDNA synthesized from polyadenylated mRNA?. The advantages of these
sequencing-based approaches are the high specificity due to sequence identification and
precise digital data acquisition of read counts. Gene expression profiling by sequencing
also allows novel transcripts to be identified, while microarrays are limited to
interrogating predefined sets of genes via complementary probes. Drawbacks of sequence
analysis for gene expression profiling include difficulties to detect rare transcripts in the
presence of abundant genes, necessitating vast oversampling of highly expressed genes,
and the fact that sequencing still remains expensive and time consuming compared to
microarray analyses.



Returning to the topic of microarrays, it is clear that they can be used to achieve
extraordinary sensitivity and specificity, particularly upon combination with enzymatic
approaches to enhance selectivity and signal amplification. Table 1 outlines approaches
that have been applied to improve microarray performance. As discussed, microarray-
based ligation has been demonstrated to dramatically improve selectivity and to
essentially eliminate cross hybridization. However, so far enzyme-assisted microarray
analyses have primarily been exploited on a larger scale for SNP scoring, not for
expression profiling that typically depend on regular probe-target hybridization reactions.
It is likely that future microarray platforms will be used for sequencing of the captured
targets, not merely for capturing of interesting regions for subsequent off-chip
sequencing®. Extension of the single nucleotide polymerization approach currently used
for SNP scoring’ to sequencing of several consecutive nucleotides is probably not far
away. In this approach target selection by microarray capture and sequencing occurs in
the same procedure with may enable resequencing of targeted regions without a first
selection step.

In conclusion, microarrays will most likely remain a competitive solution for nucleic acid
analysis in the foreseeable future, and they may increasingly move from research
applications to clinical routine. However, the array-based methods will have to be
compared to and sometimes combined with new technologies, such as methods for high-
throughput sequencing.
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Table 1
Approach

Advantages

Disadvantages

Conventional hybridization
On-chip primer extension

Multiple MM/PM probes
On-chip ligation

Sequencing

Straight forward, inexpensive
Enzyme enhanced specificity

Bioinformatically enhanced specificity

Enzyme enhanced specificity & strong signal
amplification using RCA

Highly specific, high precision, de novo detection

Cross-hybridiation & off-spot signals

Background due to self priming

Several probes, based on background subtraction
not specific signal generation

Requires solution-phase detection probes

Expensive, requires oversampling of abundant
transcripts

Table 1. Brief outline of different approaches to enhance performance of nucleic acid
analyses along with advantages & disadvantages (MM/PM — mismatch and perfect match

probe pairs)
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Figure 1. Comparison of microarray analysis by conventional hybridization (A) and
enzyme assisted readout (B). A) Target nucleic acids are labeled in solution and
hybridized to the microarray (i). Cross-hybridized nucleic acids generate signals in
features other than those intended and off-spot probe binding may elevate background
(ii). B) Target nucleic acids are converted into nucleic acid reporter molecules carrying
tag pairs (i). Reporter molecules are amplified and ligated to a tag microarray (ii). Signals
are generated by amplifying reporter molecules circularized by ligation with rolling circle
amplification. Cross-hybridizing reporter molecules and off-spot reporter molecules do
not generate signals (iii).



