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Microarrays are widely used in gene expression studies, and custom expression microarrays are popular
to monitor expression changes of a customer-defined set of genes. However, the complexity of trans-
criptomes uncovered recently make custom expression microarray design a non-trivial task. Pervasive
transcription and alternative processing of transcripts generate a wealth of interweaved transcripts that
requires well-considered probe design strategies and is largely neglected in existing approaches.

We developed the web server CEM-Designer that facilitates microarray platform independent design
of custom expression microarrays for complex transcriptomes. CEM-Designer covers (i) the collection
and generation of a set of unique target sequences from different sources and (ii) the selection of a set of

sensitive and specific probes that optimally represents the target sequences. Probe design itself is left to
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third party software to ensure that probes meet provider-specific constraints.
CEM-Designer is available at http://designpipeline.bioinf.uni-leipzig.de.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Microarrays are a powerful technology that are used ubiq-
uitously in biomedical and biotechnological research. Custom
expression microarrays (CEMs) are popular to monitor expression
changes of a customer-defined set of RNA transcripts, called tar-
get sequences. Despite the emergence of newer technologies such
as RNA-seq, microarrays still offer advantages and remain a useful
and accurate tool (Malone and Oliver, 2011).

Several tools exist for designing oligonucleotide probes for a
set of target sequences (Chou, 2010; Agilent; Shin et al., 2009;
Wernersson, 2009). A high-quality probe must be sensitive, spe-
cific, and isothermal with the other probes (Stekel, 2003). However,
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in light of pervasive transcription in mammalian genomes (Clark
etal., 2011), these tools only address the criteria for sensitivity and
isothermality appropriately. The measures taken to ensure a spe-
cific probe are often too simplistic, for at least the following two
reasons:

(i) Genomic loci often encode a variety of transcripts comprising
several isoforms of protein- and non-coding RNAs (ncRNAs)
(Wilusz et al., 2009), with a large number of overlapping trans-
cripts (Djebali et al., 2012). Hence, selection of specific regions
in target sequences in which a probe should be placed is nec-
essary. If probes are designed independently for each of these
transcripts, a probe may be located in exons that are shared
between isoforms (transcripts) of the same (different) gene(s).
Specificity of those probes is consequently low due to potential
cross-hybridization with different RNAs transcribed from the
same genomic locus. Probes should instead be placed in exons
or splice-sites that are unique to a target sequence.

(ii) In humans, at least 75% of the genome is capable of tran-
scription in a highly time-, tissue-, and developmental-specific
manner (Cabili et al.,, 2011). An RNA sample may, hence, con-
tain novel transcripts not yet contained in any public database.
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Fig. 1. The concept of the CEM-Designer web server specifically addressing target sequence selection and probe selection.

However, current oligonucleotide probe designers return
probes that are unique only with respect to currently annotated
transcripts. Consequently, cross-hybridization of a probe must
be tested against the complete transcriptome to not overes-
timate probe specificity, which is, however, in general not
available. We, hence, propose to ensure probe uniqueness
with respect to genome-wide alignments including alignments
spanning introns.

We present the flexible web-server CEM-Designer that allows
an adequate preparation of a set of target sequences and the
identification of probes with better specificity than existing tools.
Whenever appropriate, we compare an array design generated by
CEM-Designer (GEO accession number GPL19136) with publicly
available designs from picky 2 (Chou, 2010) and Agilent.

2. Methods and results

Custom expression microarray design can be divided into three
parts: target selection, probe design, and probe selection (Fig. 1).
CEM-Designer addresses the first and last part more profoundly
than available tools while leaving the probe design itself to third
party software tools.

2.1. Target sequence selection

We interpret target sequence selection as the identification of
subregions for probe placement prior to probe design to limit cross-
hybridization with target sequences sharing the same genomic
locus. Current probe designers address this only indirectly by
assessing probe specificity according to all input target sequences
after probe design (Chou, 2010; Wernersson, 2009; Agilent) but
leave a profound preprocessing to the user. CEM-Designer pro-
vides a flexible and user-friendly handling of target sequences and
accounts for the variety of known biotypes in complex transcripto-
mes (Harrow et al., 2012). It allows different input files, each of
which may represent a particular target class (mRNAs, small or
long ncRNAs). To maximize flexibility, processing parameters can
be adjusted separately for each file.

2.1.1. Overlapping target sequences

Target sequences sharing the same genomic locus are often not
separately detectable by state-of-the-art array designs (Supple-
mental Fig. S1A). CEM-Designer offers three choices for handling
overlapping target sequences: (i) ignore overlaps, (ii) merge over-
lapping sequences to one combined sequence, or (iii) use exonic
subregions that do not overlap with any other target sequence (Sup-
plemental Fig. S1C). Options (i) and (ii) are favorable if genes should
be represented on the microarray and a distinction into different
isoforms is irrelevant. Option (iii) allows a distinct quantification
of the expression of isoforms. Placing probes over unique splice-
sites is currently not supported, as this would reduce the search
space for optimal probes for a target sequence during the probe
design step. A comparison with Picky 2 and eArray revealed an

increased coverage of specific exons when CEM-Designer is used
(Supplemental Table S1D).

2.1.2. Target sequence filters

Various user-adjustable sequence filters may be defined to dis-
card target sequences or subregions thereof that are of insufficient
length, redundant or negligible for the purpose of the study. For
example, if only ncRNAs are of interest, overlapping exons of
mRNAs can be excluded (Supplemental Fig. S1B).

2.1.3. Optimal coverage of sensitive probes

For a reasonable trade-off between selecting optimal pos-
itions for sensitive probes and optimal probe coverage of target
sequences, CEM-Designer allows to partition target sequences into
shorter subsequences. To ensure that probes may also be designed
in the vicinity of the split positions, a specific overlap can be defined.
In the probe design, users may select a maximal number of probes
according to the length of the (sub)sequences.

2.2. Oligonucleotide probe design

As CEM manufacturers like Agilent provide their own models
for probe design to optimize melting temperatures for their specific
array technology, we do not include a probe design tool. However,
preprocessed target sequences are provided in standard file formats
that can be directly used as input for subsequent probe design.

2.3. Oligonucleotide probe selection

After oligonucleotide probe design, CEM-Designer evaluates
probe specificity, generates summary statistics, and prepares sub-
sequent CEM designs, if necessary.

2.3.1. Probe specificity

Cross-hybridization to other RNA transcripts than the target
transcript is assessed by aligning a probe to the full genome, includ-
ing intron spanning alignments, using BLAT (Kent, 2002). To assure
high probe specificity, non-uniquely mapping probes are discarded.
The strategy to assess probe uniqueness with respect to genome-
wide alignments is outperforming existing tools, as they test probe
specificity with respect to known transcripts only (Supplemental
Table S1A). The latter strategy is, for example, neglecting transcrip-
tionally active pseudogenes (Frankish and Harrow, 2014; Johnsson
et al., 2013) because probes designed to represent a parent gene
may map to an expressed pseudogene due to high sequence simi-
larity. Indeed, pseudogenes showed a large fraction of non-unique
probes for probe sets from Picky 2 and eArray (Supplemental
Table S1B).

2.3.2. Preparation of subsequent designs

CEM-Designer calculates summary statistics such as the num-
ber of uniquely and non-uniquely mapping probes, and the
distribution of the target sequences probe coverage. It further lists
target sequences for which fewer probes than anticipated were
designed. To maximize target coverage, they can be used as input
for probe redesign or reapplication of CEM-Designer with altered
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parameters (Fig. 1). This scheme can in principle be repeated until
no new uniquely mapping probes can be designed.

2.4. Assessing expression changes based on probes generated by
CEM-Designer

Biological meaningful expression variation was successfully
captured by probes generated by CEM-Designer and spotted on an
Agilent custom microarray (GEO accession number GPL19136). The
CEM was used to investigate expression changes of long ncRNAs
and mRNAs in human primary foreskin fibroblasts synchronized in
GO and G1 phases of mitotic cell cycle (Hackermiiller et al., 2014). A
principal component analysis of all custom probes passing unspe-
cific filtering resulted in two well separated clusters accounting for
76% overall expression variation in the first principle component
and reflecting biological differences between cells in GO and G1
(Supplemental Fig. S2).

3. Discussion and conclusion

Mammalian transcriptomes are pervasively transcribed, which
makes a suitable selection and preprocessing of target sequences
prior to probe design as well as the evaluation of probe specificity
for expression microarrays non-trivial. As all three issues have a
profound impact on the outcome of microarray expression stud-
ies, we designed CEM-Designer to explicitly address transcriptome
complexity. Cross-hybridization effects to other target sequences,
even to yet unannotated transcripts that may nevertheless be con-
tained in the RNA sample, are minimized. CEM-Designer combines
several input sources into a single array design but allows the
selection of distinct parameters for each source, thereby providing
high flexibility for the selection and preprocessing of unique target
sequences. Quality tests after probe design provide summary statis-
tics and identify target sequences with low coverage of probes. The
concept as implemented in CEM-Designer was successfully trans-
ferred to studies investigating the expression of long ncRNAs and
mRNAs (Hackermiiller et al., 2014; Reiche et al., 2014).
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Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.jbiotec.
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