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Abstract

Background: Gene expression data can be compromised by cells originating from other tissues than the target
tissue of profiling. Failures in detecting such tissue heterogeneity have profound implications on data interpretation
and reproducibility. A computational tool explicitly addressing the issue is warranted.

Results: We introduce BioQC, a R/Bioconductor software package to detect tissue heterogeneity in gene expression
data. To this end BioQC implements a computationally efficient Wilcoxon-Mann-Whitney test and provides more than
150 signatures of tissue-enriched genes derived from large-scale transcriptomics studies.

Simulation experiments show that BioQC is both fast and sensitive in detecting tissue heterogeneity. In a case study
with whole-organ profiling data, BioQC predicted contamination events that are confirmed by quantitative RT-PCR.
Applied to transcriptomics data of the Genotype-Tissue Expression (GTEx) project, BioQC reveals clustering of samples
and suggests that some samples likely suffer from tissue heterogeneity.

Conclusions: Our experience with gene expression data indicates a prevalence of tissue heterogeneity that often
goes unnoticed. BioQC addresses the issue by integrating prior knowledge with a scalable algorithm. We propose
BioQC as a first-line tool to ensure quality and reproducibility of gene expression data.
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Background
Gene expression data has become indispensable in
modern drug discovery. It reveals biological processes
underlying pathogenesis and sheds light on mode-of-
action and potential safety liabilities of drug candidates.
However, its value in catalyzing new medicines is shad-
owed by limited reproducibility [1]. From the (re-)analysis
of a large number of internal and external studies we
observe that tissue heterogeneity, defined as unintended
profiling of cells of other origins than the target tissue of
profiling, is a common source of variance that exacerbates
the irreproducibility.

Many factors can cause tissue heterogeneity in gene
expression profiling experiments. Some are attributed to
underlying physiological or pathological processes, for
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example infiltration of immune cells into solid organs or
tumors. Some are associated with the challenge of dissect-
ing adjacent tissues such as coronary artery and cardiac
muscle. In other cases heterogeneity is due to human
errors such as contamination or mislabeling. Independent
of root causes, tissue heterogeneity in gene expression
data should be identified as early as possible to pre-
vent it impacting downstream analysis. No software tool,
however, fulfills this purpose to our best knowledge.
Various computational approaches may address the
issue and they can be broadly classified into unsu-
pervised and supervised algorithms. Unsupervised algo-
rithms, such as principal component analysis (PCA) and
its variants, may detect tissue heterogeneity without prior
knowledge [2]. Nonetheless unsupervised algorithms are
only sub-optimal in this setting because (a) they can-
not reveal likely sources of heterogeneity, (b) they cannot
work with single sample, and (c) their application is
limited to cases where few samples are heterogeneous,
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since otherwise it becomes difficult to distinguish hetero-
geneous from homogeneous samples.

Supervised algorithms overcome these restrictions by
incorporating prior information such as sets of preferen-
tially expressed genes [3] or reference profiles of purified
cells [4]. While several supervised methods are available
to quantitatively estimate the composition of cell types
(reviewed in [5]), their application in first-line quality con-
trol is limited because most tools rely on a substantial
amount of prior information which is often not avail-
able, for instance profiles of each single cell type that
may present. In addition, these tools often use complex
models such as expectation-maximization or quadratic
programming which demand significant computational
resources and therefore are hardly scalable to large-scale
datasets, for instance the Genotype-Tissue Expression
(GTEx) project [6, 7] which contains more than 8500
profiles in its current (6) version.

To allow efficient and sensitive detection of tissue
heterogeneity, we introduce the software package BioQC.
It takes gene expression data as input, performs statisti-
cal tests with tissue-enriched gene signatures that come
with the package, and reports enrichment scores of more
than 150 tissue signatures for each sample. High scores
of tissues other than the target tissue of profiling indi-
cate heterogeneity and consequently possible infiltration
or contamination events.

Implementation

BioQC follows the supervised approach: it provides sets
of genes that are preferentially expressed in one or few
tissues (tissue-enriched genes hereafter), and an efficient
algorithm to test enrichment of tissue-enriched genes in
expression data.

Tissue-enriched genes
We derived 155 sets of tissue-enriched genes (fissue sig-
natures hereafter) from four datasets: the Neurocrine
Biosciences (NB) CNS dataset [8], the GNF Gene Expres-
sion Atlas [9], both based on the Affymetrix microar-
ray technology, and sequencing-based RNASeq Atlas
[10] and Hlumina BodyMap 2.0 (GEO Accession Num-
ber GSE30611 [11]). For preprocessing we normalised
microarray signals with the MASS5 method [12] and con-
verted sequencing read counts into the unit of copies per
million reads [13]. Expression signals are averaged in case
more than one samples are available for each tissue. Both
sequencing-based datasets are merged by removing batch
effects using a linear model in order to achieve a wide
coverage of tissues comparable with microarray-based
datasets.

Gini index [14] was used to identify tissue-enriched
genes. Given an m X 1 expression matrix with » genes and
samples of # tissues, Gini index for gene i is defined as
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where x;j is the jth value in the non-descending ordered
vector of x;. (i = 1,...,m,j = 1,...,n). Gini index
ranges between 0 and 1, depending on whether the gene is
ubiquitously and uniformly present or absent in all tissues
(G = 0) or is exclusively expressed in one tissue (G = 1)
or in between (0 < G < 1).

We consider gene i enriched in tissue j if G; > 0.7 and
x; ranks among the top three in x;.. Signatures of iden-
tical tissues derived from both microarray datasets are
merged, while microarray-based and sequencing-based
signatures are kept separate so that users can benefit from
the high sensitivity offered by the sequencing technology.
Users can define their own signatures using other datasets
with functionalities implemented in BioQC or with other
statistical methods.

Validation of tissue-enriched genes

We took a three-tier approach to validate the tissue sig-
natures. First, in order to assess their robustness against
batch effects, we applied surrogate variable analysis [15]
to both GNF and NB datasets to detect uncaptured
batch effects (not applicable to sequencing-based datasets
where only one sample is available for each tissue). Based
on batch-effect-corrected data, we generated a new set
of signatures using the procedure described above. We
applied the BioQC algorithm using both signature sets to
the GTEx gene expression database [7] and found that
the results are highly similar (Additional file 1: Figure S1),
which suggests that the BioQC tissue signatures are robust
with regard to potential batch effects in the source data.

Next, we used biological knowledge to test the validity
of the tissue signatures using Roche Controlled Vocab-
ulary (RCV hereafter), a recently developed, simplified
ontology system of annotating human genes with biolog-
ical processes defined by the Gene Ontology consortium
[16]. We applied the BioQC algorithm, using both tissue-
enriched gene sets and RCV gene sets, to the GTEx
dataset, and found that for many tissues that are included
in GTEXx, expected tissue signatures are co-enriched with
relevant biological processes. For instance, most tissue
signatures associated with the nervous system are co-
clustered with genes associated with neuronal biological
processes (Additional file 1: Figure S2). The observa-
tion suggests that the tissue signatures are biologically
relevant.

Last but not least, to test the validity of using Gini index
to identify tissue signatures, we applied an independent
algorithm, limma [17], to the GTEx dataset (limma was
prefered to negative-binomial-model based methods such
as DESeq2 and edgeR due to computational efficiency and
the compatibility of results). We identified signatures of 29
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tissues that are present in GTEx using very stringent fil-
ters. For those tissues that are present in the BioQC tissue
signatures, we observed moderate to strong overlapping
and comparable peformance with BioQC on a large collec-
tion of gene expression data (manuscript in preparation).
It suggests that BioQC tissue signatures are consistent
with signatures generated from an independent dataset by
an alternative statistical method.

The algorithm of BioQC

BioQC implements a computationally efficient Wilcoxon-
Mann-Whitney test (Wilcoxon test hereafter) [18]. The
algorithm is accelerated by (a) an approximate test pro-
cedure, (b) implementation of the core algorithm in C
programming language, and (c) elimination of futile sort-
ing operations. Improvement that we made over stan-
dard implementations is detailed in Additional file 2:
Document 1.

Given a gene expression profile and a tissue signature,
BioQC tests by default whether expression of genes in
the signature ranks higher than expression of genes not
in the signature. Users can test negative enrichment or
two-sided (either positive or negative) enrichment, too.

BioQC reports an enrichment score of each tissue sig-
nature for each sample in the form of |logiop| (abso-
lute log 10-transformed p-value of Wilcoxon test). Given
expression profiles of n samples as input and s tissue sig-
natures, BioQC outputs an s X # matrix with scores rang-
ing between 0 (no enrichment) and theoretically positive
infinity (strong enrichment). By examining BioQC results
and comparing them with target tissues of profiling users
can inspect heterogeneity and generate hypotheses about
the causes.

Although this work focuses on its application to detect
tissue heterogeneity, we note that BioQC can be used as a
generic gene-set enrichment analysis tool (manuscript in
preparation).

Results

We apply BioQC to simulated and real-world datasets to
demonstrate its use. All computations are performed on a
single thread of a 4-core laptop with 8G memory running
R-3.2.0 in 64-bit Linux MINT (version 16) if not otherwise
specified.

Simulation studies
We performed three simulation experiments to study the
efficiency and sensitivity of BioQC.

Simulations with model-generated data

The first simulation study probes the speed of BioQC.
We propose a simple model to generate random gene
expression profiles of approximately 22,000 genes with
each gene following the normal distribution N(0, 1). We
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let the model generate five datasets with varying sample
sizes (n = 1,5, 10,50, 100), applied BioQC and timed the
runs. For benchmarking we applied the native implemen-
tation of Wilcoxon test in R (function wilcox.test) to the
same dataset.

Both implementations delivered identical numeric
results and their memory use is comparable. However,
while it takes the native implementation 20 minutes to
analyze 100 profiles, it takes BioQC just about one second
(Fig. 1a left panel). Quantitatively BioQC accelerates the
Wilcoxon test by a factor between 500 and 1000 for gene
expression data (Fig. la right panel). The results suggest
that BioQC is computationally efficient and applicable for
large-scale datasets even on laptop computers.

Next, we investigated the sensitivity of BioQC towards
expression changes of tissue-enriched genes. To this end,
we adapted the simple model used above: while keeping
random-number generators of other genes unchanged,
expression levels of genes in a randomly chosen signature
(ovary with 43 genes) were drawn from a series of distri-
butions A (i, 1) with u varying from 0 to 3. We generated
ten samples for each distribution and applied BioQC.

We observed that the average enrichment score of ovary
increases steadily as u increases (Fig. 1b left panel), and
as soon as u reaches or exceeds 1, the ovary signature
ranks first among all signatures in all simulated samples
(Fig. 1b right panel). Repeated experiments with other
tissue signatures produced consistent and comparable
results (data not shown). In other words it is sufficient for
a tissue signature to rank first if average expression of its
genes increases by one standard deviation. It suggests that
BioQC is sensitive to even mild changes in expression of
tissue-enriched genes.

We note nevertheless that the sensitivity test above suf-
fers from the limitations that (a) the distributions of gene
expression are not physiological and (b) elevated expres-
sion of tissue-enriched genes is not quantitatively associ-
ated with severity of contamination. To corroborate our
findings we next performed simulations with real-world
data.

Simulation with real-world data

We simulated tissue heterogeneity in silico with a tran-
scriptomics study in Canis lupus familiaris (domestic
dog) by Briggs et al. [19]. In this study the authors con-
structed a compendium of canine normal tissue gene
expression, which includes 39 samples of 10 tissues from
four dogs (four samples of liver, kidney, heart, lung, cere-
brum, lymph node, spleen, jejunum, and skeletal muscle;
three samples of pancreas).

Prior to simulation experiments we first applied
BioQC to the dataset to test whether its results match
information provided by the authors. In [19], the authors
performed hierarchical clustering of both canine and
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human data and reported a 'remarkable similarity’ of
normal tissue gene expression profiles between the two
organisms. Indeed, BioQC confirmed the consistency
in 36 (92%) cases in which canine tissues reported
by the authors match the highest-ranking human tis-
sues reported by BioQC (Table 1 in Additional file 3:
Document 2). Among the three discrepant cases, one
was originally labeled as prefrontal cortex but found by

BioQC to resemble the spinal cord most (sample ID
GSM502573), and the other two samples were labeled as
lung but found most similar to monocytes (GSM502594
and GSM502596). Interestingly, the authors’ findings
seem to be supportive of our observations: GSM502573 is
an apparent outlier in the PCA analysis (Fig. 1a in [19]),
and the authors noted that average profiles of canine lung
and spleen samples, unlike other tissues, do not cluster



Zhang et al. BMC Genomics (2017) 18:277 Page 5 of 9

together with respective human tissues in hierarchical To illustrate the idea we applied BioQC to mixed profiles
clustering and show similarity with each other (Fig. 2a  of heart and jejunum and visualize the results in Fig. 1c. As
in [19]). the weight of heart increases, enrichment score of small

While it remains unknown what causes the observed intestine decreases while that of cardiac muscle increases.
heterogeneity, for the purpose of simulation the With as little as 10% contamination by heart in jejunum,
three samples were excluded. We then calculated an enrichment score of cardiac muscle is above 3.0 (corre-
average expression profile for each tissue using the sponding to p < 1073 of Wilcoxon test) and ranks 4
remaining 36 samples and simulated contamination by out of 155 tissue signatures. With 25% contamination,
creating weighted linear combination of expression pro-  enrichment score of cardiac muscle exceeds 7.0 and ranks
files of pairs of tissues, a procedure referred to as mixing  second. These results suggest that BioQC is very sensitive

hereafter. towards heart contamination in jejunum.

Mathematically, given the expression profile of tis- Intriguingly, we observe an asymmetry in the sensi-
sue A (Y4) and B (Yp), mixing generates a new pro- tivity: it takes about 20-30% jejunum contamination in
file Y = wYsa + (1 — w)Yp with w €[0,1]. As @ the heart sample to make the enrichment score exceed

approaches 1, the new profile mimics contamination of A 3.0 or rank among the top ten. The asymmetry is
by B; when w approaches 0, it mimics contamination of likely caused by the relatively high expression of heart-
BbyA. enriched genes compared with small-intestine-specific
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genes in the respective tissue (Figure 4 in Additional file 3:
Document 2). Despite of the asymmetry, we observe a
strong leap of small-intestine signature’s rank as its pro-
portion further increases. In practice when one of several
heart samples is contaminated by jejunum, an aberrant
higher rank of the jejunum signature can be a warning sign
of tissue heterogeneity to the software user.

Following this example, we mixed all pairs of canine tis-
sues and found that on average BioQC is able to detect
heterogeneity with 20% or more contamination (enrich-
ment score > 3.0 or rank < 10, Figure 3 in Additional
file 3: Document 2). Tissues like liver and heart with highly
expressed enriched genes can be more easily detected
as sources of contamination with the proportion as low
as 12%.

In summary, simulation studies with model-generated
and real-world data demonstrate that BioQC is scalable
and sensitive in detecting tissue heterogeneity. Since the
simple statistical models that we used may not fully cover
the complexity of tissue heterogeneity, we now turn to test
BioQC with further real-world gene expression datasets.

Case study with whole-organ profiling data

We applied BioQC to a dataset generated in a Roche
research program. In this study twenty-five mouse whole-
kidney samples were taken after diverse treatment reg-
imen including operation and medication (details in
Additional file 4: Document 3). Genome-wide gene
expression profiling was performed with Affymetrix
Mouse Genome 430 2.0 microarray.

Results of BioQC are visualized in Fig. 2a. As expected,
kidney-enriched genes ranked first among all tissue sig-
natures in all samples. In three samples (index 23,
24 and 25), however, the pancreas signature scored
much higher than in other samples. As we examined
genes in the signature, we observed substantial expres-
sion of many genes including insulin (INS), glucagon
(GCG), and pancreatic carboxypeptidase Al (CPAI) in
the three samples (Fig. 2b). This made us suspect
that these samples might be contaminated by traces of
pancreas.

To validate the hypothesis, we quantified expression
of amylase (AMYIA) and elastase (CELAI), both highly
expressed in pancreas and absent in kidney according to
GTEx [7] and Human Protein Atlas [20], with quantitative
RT-PCR. We could indeed detect specific and substan-
tial expression of both genes in the samples suspected
of contamination (Fig. 2c). Based on these results, we
decided to exclude the three samples from downstream
analysis. Exploratory analysis reveals that if the hetero-
geneity was overlooked and the contaminated samples
were not removed, several pancreas-enriched genes would
erroneously show strong differential expression in certain
comparisons (Figure 4 in Additional file 3: Document 2).
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In summary, the case study underlines the power of
BioQC to detect tissue heterogeneity in gene expression
data.

BioQC applied to GTEx gene expression data

Finally we assessed tissue heterogeneity in a small subset
of GTEx gene expression data by applying BioQC to small-
intestine samples (n=40). BioQC revealed three clusters of
samples based on enrichment of tissue signatures (Fig. 3a).
Cluster 1 is highly enriched of the small-intestine sig-
nature and almost devoid of enrichment of signatures
of other tissues (Fig. 3b). Samples in cluster 2 display
decreased enrichment of the small-intestine signature
and increased enrichment of the lymphocyte signature
(Figs. 3c and d). Surprisingly, samples in cluster 3 show
enrichment of neither small-intestine nor lymphocyte
signature, but increased expression of muscle-enriched
genes (Fig. 3e). It is noteworthy that exploratory analysis
showed no significant association between the cluster-
ing and any of the clinical parameters reported by the
GTEx consortium (age, sex, death causes, etc.; x2 test,
significance threshold & = 0.05).

Causes underlying the heterogeneity are obscure to us
and may require substantial efforts to be clarified. How-
ever, one may speculate that an over-representation of
intraepithelial lymphocytes or Peyer’s patch, due to either
physiological or pathological courses, may contribute to
the enrichment of the lymphocyte signature in samples
of cluster 2. Enrichment of the muscle signature in clus-
ter 3 may be caused by over-proportional mucosa or
other cells of muscle’s origin. Despite the uncertainty of
causes, gained information of sample heterogeneity can
enhance the quality of downstream analysis. For example,
results of BioQC can be injected into a weighted statisti-
cal model to identify genes that are preferentially present
in small intestine, which may reveal specific cell-surface
receptors that allow tissue-targeted drug delivery. Depri-
oritising samples outside of cluster 1 is likely to improve
the specificity of identified targets.

In summary, BioQC reveals clustering of samples and
tissue heterogeneity of different severity in a subset of
GTEx data. Researchers using GTEx and similar resources
are advised to perform quality control with BioQC before
pursuing further analysis of data.

Discussions and conclusions

While the impact of some factors underlying tissue het-
erogeneity may be minimized by taking greater care in
experiment design, tissue dissection, and sample han-
dling, factors such as immune cell infiltration are unlikely
controllable. If overlooked, tissue heterogeneity may cause
gene expression studies irreproducible because the het-
erogeneity is unlikely to be identical in an independent
experiment.



Zhang et al. BMC Genomics (2017) 18:277

Page 7 of 9

Cluster 1

Cluster 2

W

XBED-1426-SM-4AT4G

(c}

NS
o o

Small-intestine samples in GTEx

Z9EW-0926-SM-5CVMM

Enrichment score

cL3 0 5 10 15 20

Intestine_small_NR_0.7_3
Colon_Transverse_NR_0.7_3
Intestine_Colon_NR_0.7_3
Lymphocytes_ T_H_NR_0.7_3
Lymphocytes_B_MZ_NR_0.7_3
Lymphocytes_NR_0.7_3
Lymphocyte_B_FOLL_NR_0.7_3
Muscle_cardiac_NR_0.7_3
Adipose_Subcutaneous_NR_0.7_3
Artery_Aorta_NR_0.7_3

&

VUSG-1726-SM-4KKZL 1192X-2526-SM-59868

&

MQ

o

Expression of tissue—enriched genes [log2(RPKM)]

Small intestine—
Lymphocytes—|
Small intestine—
Lymphocytes-{ ©
Cardiac muscle—

Cardiac muscle—|

Per Kilobase per Million mapped reads

Lymphocytes—|

Cardiac muscle-{$ - —Qb-o‘fgﬁo

Lymphocytes—|
Cardiac muscle- ¢ - g2

-
£
=

173
L
£
T

£
(7]

Small intestine—

Fig. 3 BioQC reveals sample clustering and tissue heterogeneity of small-intestine samples in GTEx a Tissue enrichment scores reported by

BioQC when applied to small-intestine samples in GTEx. Samples are shown in columns and clustered by correlation-based hierarchical clustering.
Ten tissue signatures with the highest average scores are shown in rows. Expression profiles of selected tissue signatures (with bold row names) in
representative samples (in yellow boxes) are visualized below. The representative samples are labeled by the last five digits/letters of respective GTEx
sample identifiers. b—e Whisker-box-plots of genes enriched in small intestine, lymphocytes, and cardiac muscle in representative samples. Each dot
represents one signature gene. Dash lines indicate RPKM equal to one which represents an arbitrary threshold of low gene expression. RPKM: Reads

Therefore we propose applying BioQC as a first-line
quality control to detect tissue heterogeneity. BioQC tests
enrichment of tissue-enriched genes sample-by-sample
and suggests possible sources of heterogeneity, both
of which are not possible for unsupervised methods
like PCA. Compared with other supervised methods,
BioQC comes with the required prior information and
is extremely efficient. Extrapolating from the observa-
tion that BioQC needs about one second to analyze 100
genome-wide gene expression profiles, we estimate that
it would take BioQC only about six hours to analyze
the entire GEO database, which collects about 2.0 mil-
lion gene expression profiles as of November 2016, with
one CPU-thread (excluding the time of downloading, pre-
processing, etc.). In light of its favorable scalability and
sensitivity, we believe BioQC is suitable for small- and
large-scale gene expression studies.

We expect tissue signatures to be applicable across
closely related species as it was shown elsewhere that
within mammalians the expression patterns of protein-

coding genes are more conserved between species than
between major organs [21, 22]. The human derived tis-
sue signatures are already applied successfully to tissue
expression data from multiple vertebrate model species
including macaque, pig, dog, rodents, and zebrafish (data
not shown). The simulation study using dog tissue expres-
sion data exemplifies such an analysis.

We have integrated BioQC in our gene expression
analysis pipeline since three years to routinely detect tis-
sue heterogeneity in internal and external studies. It has
raised warning flags in many datasets independent of the
target tissue of profiling, organism, experiment design,
profiling platform and laboratory. While a few suspects
were validated such as the ones in our case study, most
findings were regrettably not followed up due to limited
capacity and material unavailability. With more expres-
sion profiling data generated worldwide everyday, we wish
that BioQC can help experimentalists and data analysts
alike to improve the quality and reproducibility of gene
expression studies.
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Availability and requirements

Project name: BioQC;

Project home page: http://accio.github.io/BioQC/;
Operating systems: Unix, Linux, Mac OS and Windows;
Programming language: GNU-R and C;

Other requirements: R and Bioconductor installation;
Licence: GPL-3.

Additional files

Additional file 1: Supplementary Figures. (PDF 592 kb)

Additional file 2: Supplementary Document 1. This document can also
be assessed on the BioQC website under [27] respectively. (ZIP 98 kb)

Additional file 3: Supplementary Document 2. This document can also
be assessed on the BioQC website under [28] respectively. (ZIP 305 kb)

Additional file 4: Supplementary Document 3. This document can also
be assessed on the BioQC website under [29] respectively. (ZIP 325 kb)

Abbreviations

GEO: The gene expression omnibus database; GTEx: The genotype-tissue
expression project; PCA: Principal component analysis; RT-PCR: Reverse
transcription polymerase chain reaction

Acknowledgements

We thank Guido Steiner, Gonzalo Duran Pacheco, and Marco Berrera for
critically reading the manuscript and Laurent Essioux for discussions. We thank
all BioQC users for their feedback.

Funding

Whole-organ profiling and gRT-PCR experiments were funded by Inserm;
otherwise the work was fully funded by F. Hoffmann-La Roche Ltd. The funding
bodies did not have a role in the design of the study, data collection, analysis,
interpretation of data, writing the manuscript, nor the decision to publish.

Availability of data and materials

The BioQC package is written in the programming languages R and C. It is
freely available from Bioconductor [23] with the GPL-3 license. The package is
tested in major operating systems including Unix, Linux, Mac OS and
Windows. The source code and datasets supporting the conclusions of this
article are available on the BioQC website [24]. The dog compendium data is
downloaded from the NCBI Gene Expression Omnibus (GEO) database with
the accession number GSE20113 [25]. GTEx data was downloaded from [26].

Authors’ contributions

JDZ and LB conceived the study. LB derived gene signatures from public
datasets. JDZ implemented the software, performed simulation studies and
wrote the manuscript. KH applied BioQC to GTEx data and contributed Fig.3. GS
contributed to the software testing and documentation and setup the website.
CB and ME designed and maintain infrastructure and services of Bioinformatics
which enable the development of the software. MB, FT and SIP provided
whole-organ profiling and gRT-PCR data. JDZ, KH, GS, ME and LB extensively
tested the software. All authors approved the content of the manuscript.

Competing interests

JDZ, KH, GS, CB, ME, SIP and LB are previously or currently employed by F.
Hoffmann-La Roche Ltd. The authors declare that they have no competing
interests.

Consent for publication
Not applicable.

Ethics approval
The mouse study was approved by the local ethics committee. Paris Descartes
University ethical committee (reference number P2.FB.119.09).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 8 of 9

Author details

TRoche Pharma Research and Early Development, Pharmaceutical Sciences,
Roche Innovation Center Basel, F. Hoffmann-La Roche Ltd, Grenzacherstrasse
124, 4070 Basel, Switzerland. 2Inserm U1151, Université Paris Descartes, Institut
Necker Enfants Malades, Hopital Necker Enfants Malades, 149, Rue de Sevres
75015 Paris, France. 3Present address: Peter-Rot-Strasse 84, 4058 Basel,
Switzerland.

Received: 27 September 2016 Accepted: 25 March 2017
Published online: 04 April 2017

References

1. loannidis JP, Allison DB, Ball CA, Coulibaly |, Cui X, Culhane AC, Falchi
M, Furlanello C, Game L, Jurman G, et al. Repeatability of published
microarray gene expression analyses. Nat Genet. 2009;41(2):149-55.

2. Wang, ZhangJ, Khan J, Clarke R, Gu Z. Partially-independent
component analysis for tissue heterogeneity correction in microarray
gene expression analysis. In: 2003 IEEE 13th Workshop on Neural Networks
for Signal Processing, 2003 (NNSP'03). New York: IEEE; 2003. p. 23-32.

3. LuP, Nakorchevskiy A, Marcotte EM. Expression deconvolution: a
reinterpretation of DNA microarray data reveals dynamic changes in cell
populations. Proc Natl Acad Sci. 2003;100(18):10370-10375.

4. QiaoW, Quon G, Csaszar E, Yu M, Morris Q, Zandstra PW. PERT: a
method for expression deconvolution of human blood samples from
varied microenvironmental and developmental conditions. PLoS Comput
Biol. 2012;8(12):1002838.

5. Gaujoux R, Seoighe C. CellMix: a comprehensive toolbox for gene
expression deconvolution. Bioinformatics. 2013;29(17):2211-212.

6. Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S, HaszR,
Walters G, Garcia F, Young N, et al. The Genotype-Tissue Expression GTEx
project. Nat Genet. 2013;45(6):580-5.

7. Ardlie KG, Deluca DS, Segré AV, Sullivan TJ, Young TR, Gelfand ET,
Trowbridge CA, Maller JB, Tukiainen T, Lek M, et al. The Genotype-Tissue
Expression (GTEx) pilot analysis: Multitissue gene regulation in humans.
Science. 2015;348(6235):648-60.

8. Roth RB, Hevezi P, Lee J, Willhite D, Lechner SM, Foster AC, Zlotnik A.
Gene expression analyses reveal molecular relationships among 20
regions of the human CNS. Neurogenetics. 2006;7(2):67-80.

9. SuAl, Cooke MP, Ching KA, HakakY, Walker JR, Wiltshire T, Orth AP,
Vega RG, Sapinoso LM, Mogrich A, et al. Large-scale analysis of the human
and mouse transcriptomes. Proc Natl Acad Sci. 2002,99(7):4465-470.

10. Krupp M, Marquardt JU, Sahin U, Galle PR, Castle J, Teufel A. RNA-Seq
Atlas—a reference database for gene expression profiling in normal tissue
by next-generation sequencing. Bioinformatics. 2012;28(8):1184-1185.

11. GSE30611. http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE30611. Accessed 1 July 2016.

12. Gautier L, Cope L, Bolstad BM, Irizarry RA. affy—analysis of Affymetrix
GeneChip data at the probe level. Bioinformatics. 2004;20(3):307-15.

13. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26(1):139-40.

14. Ceriani L, Verme P. The origins of the Gini index: extracts from variabilita e
mutabilita (1912) by Corrado Gini. J Econ Inequal. 2012;10(3):421-43.

15. Leek JT, Storey JD. Capturing Heterogeneity in Gene Expression Studies
by Surrogate Variable Analysis. PLoS Genet. 2007;3(9):161.

16. Osumi-Sutherland D, Ponta E, Courtot M, Parkinson HE, Badi L. Cell,
chemical and anatomical views of the Gene Ontology: Mapping to a
Roche Controlled Vocabulary In: Malone J, Stevens R, Forsberg K,
Splendiani A, editors. Proceedings of SWATALS (Semantic Web
Applications and Tools for Life Sciences) 2015, http://ceur-ws.org/Vol-
1546/.

17. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, ShiW, Smyth GK. limma
powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res. 2015;43(7):47-7.

18. Mann HB, Whitney DR. On a test of whether one of two random variables
is stochastically larger than the other. Ann Math Stat. 1947;18(1):50-60.

19. Briggs J, Paoloni M, Chen QR, Wen X, Khan J, Khanna C. A compendium
of canine normal tissue gene expression. PLoS ONE. 2011;6(5):17107.

20. Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu
A, Sivertsson A, Kampf C, Sjostedt E, Asplund A, et al. Tissue-based map
of the human proteome. Science. 2015;347(6220):1260419.


http://accio.github.io/BioQC/
http://dx.doi.org/10.1186/s12864-017-3661-2
http://dx.doi.org/10.1186/s12864-017-3661-2
http://dx.doi.org/10.1186/s12864-017-3661-2
http://dx.doi.org/10.1186/s12864-017-3661-2
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30611
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30611
http://ceur-ws.org/Vol-1546/
http://ceur-ws.org/Vol-1546/

Zhang et al. BMC Genomics (2017) 18:277

21.

22.

23.

24.

25.

26.

27.

28.

29.

Brawand D, Soumillon M, Necsulea A, Julien P, Csardi G, Harrigan P,
Weier M, Liechti A, Aximu-Petri A, Kircher M, Albert FW, Zeller U,

Khaitovich P, Griitzner F, Bergmann S, Nielsen R, Pddbo S, Kaessmann H.

The evolution of gene expression levels in mammalian organs. Nature.
2011;478(7369):343-8.

Barbosa-Morais NL, Irimia M, Pan Q, Xiong HY, Gueroussov S, Lee LJ,
SlobodeniucV, Kutter C, Watt S, Colak R, Kim T, Misquitta-Ali CM,
Wilson MD, Kim PM, Odom DT, Frey BJ, Blencowe BJ. The Evolutionary
Landscape of Alternative Splicing in Vertebrate Species. Science.
2012,338(6114):1587-1593.

Homepage of BioQC on Bioconductor. https://bioconductor.org/
packages/release/bioc/html/BioQC.html. Accessed 26 Sept 2016.
BioQC Website, Containing Source Code and Data Supporting the
Conclusions of this Article. http://accio.github.io/BioQC/index.html.
Accessed 26 Sept 2016.

GSE20113. http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE20113. Accessed 1 July 2016.

GTEx Web Portal. http://www.gtexportal.org. Accessed 26 Sept 2016.
Supplementary Document 1 (How BioQC Speeds up the
Wilcoxon-Mann-Whitney Test). http://accio.github.io/BioQC/biogc-
efficiency.html. Accessed 23 Nov 2016.

Supplementary Document 2 (Benchmark with Simulated and Real-world
Data). http://accio.github.io/BioQC/biogc-simulation.html. Accessed 23
Nov 2016.

Supplementary Document 3 (The Kidney Profiling Study). http://accio.
github.io/BioQC/bioqc-kidney.html. Accessed 23 Nov 2016.

Page 9 of 9

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

¢ Convenient online submission

® Thorough peer review

¢ Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



https://bioconductor.org/packages/release/bioc/html/BioQC.html
https://bioconductor.org/packages/release/bioc/html/BioQC.html
http://accio.github.io/BioQC/index.html
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20113
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20113
http://www.gtexportal.org
http://accio.github.io/BioQC/bioqc-efficiency.html
http://accio.github.io/BioQC/bioqc-efficiency.html
http://accio.github.io/BioQC/bioqc-simulation.html
http://accio.github.io/BioQC/bioqc-kidney.html
http://accio.github.io/BioQC/bioqc-kidney.html

	Abstract
	Background
	Results
	Conclusions
	Keywords

	Background
	Implementation
	Tissue-enriched genes
	Validation of tissue-enriched genes
	The algorithm of BioQC

	Results
	Simulation studies
	Simulations with model-generated data
	Simulation with real-world data

	Case study with whole-organ profiling data
	BioQC applied to GTEx gene expression data

	Discussions and conclusions
	Availability and requirements
	Additional files
	Additional file 1
	Additional file 2
	Additional file 3
	Additional file 4

	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors' contributions
	Competing interests
	Consent for publication
	Ethics approval
	Publisher's Note
	Author details
	References

