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ABSTRACT

Extracting signalling pathway activities from tran-
scriptome data is important to infer mechanistic ori-
gins of transcriptomic dysregulation, for example in
disease. A popular method to do so is by enrichment
analysis of signature genes in e.g. differentially reg-
ulated genes. Previously, we derived signatures for
signalling pathways by integrating public perturba-
tion transcriptome data and generated a signature
database called SPEED (Signalling Pathway Enrich-
ment using Experimental Datasets), for which we
here present a substantial upgrade as SPEED2. This
web server hosts consensus signatures for 16 sig-
nalling pathways that are derived from a large num-
ber of transcriptomic signalling perturbation exper-
iments. When providing a gene list of e.g. differen-
tially expressed genes, the web server allows to infer
signalling pathways that likely caused these genes
to be deregulated. In addition to signature lists, we
derive ‘continuous’ gene signatures, in a transparent
and automated fashion without any fine-tuning, and
describe a new algorithm to score these signatures.

INTRODUCTION

When interpreting transcriptome data, it is often important
to infer which signalling pathway triggered a particular gene
expression program. A common method to infer pathway
activity is to score gene sets. However, most gene sets con-
tain pathway members, and not downstream genes and are
not suitable to score signalling pathway activity. In addi-
tion, collections of target or signature genes are being used
to score pathway activity––such as the Hallmark collection
of the Molecular Signatures Database (MSigDB) (1)––yet
they are typically derived from one experimental context or
cell type.

About a decade ago, we introduced the concept of sys-
tematically deriving consensus signatures from signalling
perturbation experiments by integrating a large body of

available experimental data (2). We have previously demon-
strated the benefits of this approach (2,3) compared to sig-
natures derived from single experiments or pathway mem-
bership in inferring causal links between differential ex-
pression pattern and activated pathway. With the resulting
gene signature database SPEED (Signalling Pathway En-
richment using Experimental Datasets) now reaching the
10-year mark and still serving a continuously growing user
base we decided to develop an upgrade: SPEED2.

Our new implementation presents a number of substan-
tial improvements: (i) expanding the number of pathways
from 11 to 16, (ii) almost tripled the amount of data used
for training from 215 to 640 data sets, (iii) using ’continu-
ous’ gene signatures spanning the full transcriptional range
allowing users to simultaneously test their gene lists for both
up- and down regulation, (iv) providing statistical scores to
further filter the predictions for highest confident genes and
(v) embedding those functions in a newly developed modern
web interface.

MATERIALS AND METHODS

For SPEED2, we manually collected 640 publically avail-
able transcriptome experiments where signalling pathways
were perturbed. These data sets were integrated into ranked
gene signature lists for each pathway. The resulting ranked
signatures were then used to score gene lists and report
enrichment results. An overlap between the top signature
genes and the query list is calculated and provided as table.
These four steps and the implementation of the web server
are described in detail in the following.

Data acquisition and differential expression scoring

We collected manually curated publicly accessible microar-
ray experiments stored in the Gene Expression Omnibus
database (GEO (5,6)). We specifically selected those experi-
ments where a perturbation was conducted such that it was
ensured to drive only a single pathway (e.g. a single spe-
cific ligand/knockdown of a key mediator) and focused on
experiments where the transcriptional changes are not yet
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dominated by secondary responses (i.e. short term stimula-
tion). Eligible pairs of experiments consisting of control and
single perturbation experiments were downloaded and nor-
malized after which fold-changes were calculated and trans-
formed into z-scores as described previously (2). A list of all
experiments that were used, as well as the raw and unnor-
malized data can be downloaded from the Help page of the
SPEED2 website.

Generating continuous gene signatures

For each perturbation transcriptome data set, we discarded
probesets whose expression was below the median expres-
sion value, as well as probes with no matching (or obsolete)
Entrez Gene ID. If a probe corresponded to multiple Entrez
Gene IDs, we picked the lowest ID, and if multiple probe-
sets matched to the same Entrez Gene ID, we kept only the
most highly expressed probesets for further analysis. Since
perturbation experiments could be either of activatory or
of inhibitory nature, we chose, by convention, z-values to
be positive for up-regulated genes in activating perturba-
tion experiments. To normalise the different magnitudes of
z-values in different experiments, we calculated a gene-wise
score per experiment by mapping the ranked z-values to a
uniform interval [–1,1]. For each pathway, we then calcu-
lated the average score per gene across all N experiments
for a pathway, and compared it with a mean of N uniformly
distributed variables on [–1,1] as null model (Bates distribu-
tion). The resulting P-values quantify if a given gene is con-
sistently activated/repressed by the pathway’s activity and
are the core of the SPEED2 analysis pipeline.

SPEED2 analysis

Using the pathway-specific P-values calculated for each
gene, we calculated a uniformly distributed score between
–1 and 1 that ranks genes based on their significance and
whether they are on average up- or down-regulated. These
genome-wide ranked scores per pathway are used to per-
form enrichment analysis on the user-provided gene list. To
measure enrichment, the SPEED2 web interface supports
two types of statistical tests: ’Bates test’, detecting shifts in
mean rank away from 0 compared to the Bates distribution
on [–1,1], and approximate � 2-test, detecting shifts in vari-
ance away from the expected value for a uniform distribu-
tion on [–1,1], using a normal approximation.

Candidate genes

To extract representative candidates we also generated sig-
nature genes per pathway, which we defined as the top 300
genes in each signature that had a FDR-corrected P-value
below (q < 0.05). After running the SPEED2 analysis, the
web server returns a table with the overlap of the query
genes and the signature genes that can be starting points
for further experimental analyses or validation.

Implementation

SPEED2 runs on an Apache 2 linux web server, with load
balancing for the calls to the API. The functionality on the

client site of the website is implemented using JavaScript
(js), making use of the JQuery, Bootstrap, DataTables js
libraries. The backend is implemented in R, and exposes
a REST API by using the Plumber R library. All calls to
the API are using the http post method. Query gene lists
are limited to 500. The R-functions and the signature data
base are also available as R-package speed2 available on
https://github.com/molsysbio/speed2.

RESULTS

Performing signalling pathway enrichment analysis

Based on previous ideas (2), we have developed a data base
and web service to perform signalling pathway enrichment
analysis. The basis of this enrichment analysis is a pathway-
specific signature data base. The focus of this data base are
signalling pathways that are triggered by extra-cellular cues,
such as hormones, receptors or external stresses. To compile
this data base, we manually compiled gene expression data
sets where pathways were perturbed and changes in gene ex-
pression was measured shortly afterwards. We manually se-
lected those pathways for which we found a larger number
of appropriate perturbation experiments (≥10). This data
base consists of ranked gene lists for each of the 16 dis-
tinct signalling pathways, each derived from multiple per-
turbation data sets (between 10 and 113) with transcriptome
readout (cf. Figure 1, bottom left). Briefly, we scored consis-
tently up- and down-regulated genes after pathway pertur-
bation. The ranked lists then contain the most significantly
up-regulated genes, as determined by P-value, on one end
of the list, and the most significantly down-regulated genes
mapped to the other end (see Materials and Methods). Af-
terwards the ranks where converted to scores of a uniform
distribution between –1 and 1, where the sign denotes down-
and up-regulation, respectively.

At the SPEED2 website, users can enter gene lists of inter-
est, e.g. differentially expressed human genes as gene sym-
bols or Entrez Gene IDs, and SPEED2 quantifies if these
genes are enriched for strongly pathway-deregulated sig-
nature genes (see Figure 1, top right). To determine path-
way signature enrichment, SPEED2 offers two options that
should be chosen according to the question. If the gene list
contains either up- or down-regulated genes, one can choose
the Bates test that quantifies shift in mean rank. In contrast,
if the user supplied gene list contains both up- and down-
regulated genes, the approximate � 2-test is more appropri-
ate as this scores highly if the supplied genes are accumulat-
ing at both ends of the distribution. In most cases the Bates
test is more powerful, however, if the user provides a gene
list of about an equal number of up- and down-regulated
genes, a scenario which can be identified through the ’bar-
code’ visualization in SPEED2, it is recommend to use the
� 2-test. In Supplementary Figures S1– S3 we compare the
Bates test, � 2-test, and GSEA (7), with no obvious advan-
tage of the latter approach (8).

When the analysis is finished, the results are reported for
each pathway as a bar graph denoting mean rank of the
query list, as well as a ’barcode’ plot, showing the distribu-
tion of the query genes in the ranked signatures (see Figure
1). Colors show FDR-adjusted P-values. In addition to the
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Figure 1. Overview of SPEED2 application We manually selected pathway-specific perturbation experiments and estimated their pathway-relevance. For
each experiment z-scores are mapped on a scale between –1 and 1 (Zrank) and significance was asserted per gene and pathway by testing the Zranks against
a uniform null model (p) and corrected for multiple testing (q). These pathway-specific significance measures (along with their regulation direction) are now
used to evaluate a user-provided gene list for two aspects: (i) testing for pathway enrichment by deviation from the uniform mean (Bates test) or uniform
variance (� 2 var test) on P-rank ordered continuous pathway signatures and (ii) filtering the list of genes for pathway-representatives ranked by q-value
(see main text). The first result gives indications of upstream signalling that might have caused the gene expression change and the second result provides
candidate genes to e.g. carry out follow up investigations. We illustrate these SPEED2 outputs on a well defined MAPK target list from Uhlitz et al. (4).

visualization of the enrichment, the website offers to down-
load the results as comma separated values (.csv) file, allow-
ing for further analyses. Furthermore, the website reports
a table containing all significant signature genes for each
pathway that overlap with the query genes. This table can
be interactively explored, or also downloaded as .csv file.

Signature characterization

To benchmark SPEED2, we derived 45 independent gene
lists for 8 different pathways based on data, not used to gen-
erate SPEED2 signatures (Supplementary File 1). For each
of these test sets, we determined if the list contained only
up- or down-regulated genes, or generally contained target
genes irrespective of the direction of regulation by the path-
way. We then performed SPEED2 analysis on these lists, us-
ing the appropriate statistics (Bates for lists of up- or down-
regulated genes, � 2 for lists containing both up- and down-
regulated genes). We marked the number of times the cor-
rect pathway was the first, second or third most enriched
pathway in SPEED2 and found in 56% of cases the up-

stream stimuli was ranked first, and in 87% of cases within
the top 3 predictions (Figure 2A, left).

Next to independent gene sets we also conducted an anal-
ysis for each single experiment of the SPEED2 database for
both methods (Supplementary Figures S4 and S5). On av-
erage we find similar scoring metrics for the first three ranks
as in the independent testset benchmark. We further inves-
tigated the dependency on input size and found both scor-
ing methods to be largely robust to input size, with slightly
worse performances for small (<50) and large gene sets
(>450). Therefore for optimal performance we recommend
as input a list of 100–400 genes and have limited the input
size to 500. We further noted that on average the Bates test
performed slighty better on those benchmarks than the � 2

test prompting us to suggest the Bates test as the default test
on the website.

Due to extensive cross-talk between signalling pathways,
stimuli often cross-activate multiple pathways, and thus ap-
pearance of multiple top pathways are expected. When visu-
alizing Spearman correlation for mutually significant genes
(P < 0.05) across pathway-pairs (Figure 2B), we confirmed



W310 Nucleic Acids Research, 2020, Vol. 48, Web Server issue

H
ippo

E
strogen

P
PA

R

W
nt

p53

T
LR

C
-3 -2 -1 0 1 2 3

row-scaled p-value

H
ippo

E
strogen

N
otch

P
PA

R

W
nt

JA
K

−
S

TAT

M
A

P
K

+
P

I3K

T
LR

IL−
1

T
N

Fa

T
G

F
b

Insulin

V
E

G
F

p53

H
2O

2

H
ypoxia

Hippo

Estrogen

Notch

PPAR

Wnt

JAK−STAT

MAPK+PI3K

TLR

IL−1

TNFa

TGFb

Insulin

VEGF

p53

H2O2

Hypoxia

B
−1 −0.5 0 0.5 1

spearman correlation

DNA_REPAIR
OXIDATIVE_PHOSPHORYLATION
UNFOLDED_PROTEIN_RESPONSE
ESTROGEN_RESPONSE_EARLY
ESTROGEN_RESPONSE_LATE
MYC_TARGETS_V2
G2M_CHECKPOINT
E2F_TARGETS
MYC_TARGETS_V1
UV_RESPONSE_UP
MTORC1_SIGNALING
REACTIVE_OXIGEN_SPECIES_PATHWAY
GLYCOLYSIS
HYPOXIA
MITOTIC_SPINDLE
UV_RESPONSE_DN
ANDROGEN_RESPONSE
TGF_BETA_SIGNALING
FATTY_ACID_METABOLISM
ADIPOGENESIS
PEROXISOME
BILE_ACID_METABOLISM
HEME_METABOLISM
MYOGENESIS
P53_PATHWAY
XENOBIOTIC_METABOLISM
CHOLESTEROL_HOMEOSTASIS
PROTEIN_SECRETION
INTERFERON_ALPHA_RESPONSE
INTERFERON_GAMMA_RESPONSE
INFLAMMATORY_RESPONSE
TNFA_SIGNALING_VIA_NFKB
IL2_STAT5_SIGNALING
ALLOGRAFT_REJECTION
COMPLEMENT
IL6_JAK_STAT3_SIGNALING

IL−
1

T
N

Fa

M
A

P
K

+
P

I3K

JA
K

−
S

TAT

N
otch

H
ypoxia

Insulin

H
2O

2

T
G

F
b

V
E

G
F

APICAL_JUNCTION
KRAS_SIGNALING_UP
APOPTOSIS
EPITHELIAL_MESENCHYMAL_TRANSITION
KRAS_SIGNALING_DN
ANGIOGENESIS
COAGULATION

A SPEED2 

1st 2nd 3rd 1st 2nd 3rd

Signalling Hallmarks

56% 78% 87% 33% 46% 51%

6

0

2

5

0

0

3

0

1

1

0

0

0

1

0

0

0

1

7

5

2

4

1

1

2

2

1

2

2

0

0

0

1

0

2

1Wnt (5)

TNFa (6)

TLR (6)

TGFb (5)

MAPK+PI3K (7)

JAK−STAT (10)

3

2

0

1

0

0IL−1 (3)

Hippo (3)

Figure 2. Signature characterization. (A) Number of times that regulated pathways of externally curated data sets (total number of benchmarks per
pathway in brackets) occurred in the top 3 most enriched pathways in SPEED2 analysis contrasted to the top ranking of the best assigned signalling
pathway signatures from the Hallmarks collection using Fisher’s exact test (Hippo and IL-1 were not scored as no signalling Hallmark could be assigned).
(B) Spearman correlation of mutually significant genes (P < 0.05) indicates three general signalling groups. (C) Scoring of Broad Hallmark signatures by
SPEED2 with at least one pathway being more significant than adjusted P < 0.001; colors indicate row-scaled adjusted P-value (before scaling sign was
set to 1 and –1 for up and down-regulation, respectively), see also Supplementary Figure S1.

that several signatures are highly correlated, with particu-
larly strong correlation between the IL-1, TNFa and TLR
pathways.

To further characterize our gene signatures we analysed
the MSigDB Hallmark sets with SPEED2 (using the Bates
test) finding a substantial agreement for the IL-1, JAK-
STAT, TNFa, TLR pathway family, as well as Estrogen, Hy-
poxia, TGFb and p53 (Figure 2C). For certain other path-
ways, like Wnt, Notch or MAPK/KRAS, there was little
or no agreement between the assigned signatures. This find-
ing is further corroborated, when we performed enrichment
analysis on our independent test sets using the MSigDB
Hallmark sets (2A, right). We found that enrichment using
the signalling-related Hallmark sets generally performed
less well compared to SPEED2, particularly for those signa-
tures where SPEED2 and Hallmark signatures diverge, sug-
gesting that SPEED2 signatures are more potent to score
signalling pathway deregulation.

To further compare our tool with existing tools and
databases we applied our benchmarks on the comprehen-
sive geneset database collection of the Enrichr webtool (9).
When scoring the top 4 performing databases representing

pathway enrichment: Bioplanet 2019 (10), WikiPathways
2019 Human (11), KEGG 2019 Human (12) and Panther
2016 (13), we note that each tool individually is outper-
formed by SPEED2 (Supplementary Figure S6). In contrast
to SPEED2 those top 4 scoring pathway databases predom-
inantly contain genes encoding for proteins that are impor-
tant in the signalling relay of the pathway and have little in-
formation on downstream transcriptional targets. This in-
dicates that in order to next to pathway membership also
encompass causal upstream signalling SPEED2 might be a
useful addition to consider for the Enrichr suite.

DISCUSSION

Signaling pathways control the expression of hundreds of
target genes by which they influence virtually all major cell
fate decisions. Determining causative upstream signalling
from gene expression changes is a major strategy to mecha-
nistically understand why cells changed their transcriptome,
e.g. in disease. As signaling pathways are mostly regulated
post-translationally, direct pathway membership of differ-
entially expressed transcripts is often misleading, render-
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ing enrichment analysis with gene ontology (14) and path-
way data bases such as Reactome (15) inefficient for this
question. A viable strategy however is to determine signa-
ture genes that are consistently regulated when a pathway is
activated or inhibited. Databases like MSigDB collect sig-
natures of individual or manually curated pathway targets
(16). These collections contain important signatures that
are helpful in many contexts. However, the quality of the
signature varies and depends largely on curation.

About a decade ago, we introduced the concept of an
automatic unbiased extraction of signatures by integrat-
ing a large number of public transcriptome experiments
where pathways were perturbed. This led to the predeces-
sor of SPEED2, the SPEED web tool (https://speed.sys-
bio.net/). As the data base of publically available transcrip-
tome data increased dramatically since then, we again set
out and collected data from perturbation experiments, and
were able to increase the data base by a factor of three.
In our earlier version (SPEED), we had MAPK and PI3K
as separate pathways, but as they are heavily intertwined
and PI3K has primarily post-transcriptional targets, we de-
cided to drop these as separate pathways and retain the
MAPK+PI3K pathway. We added seven additional path-
ways (Estrogen, Hippo, Hypoxia, Insulin, Notch, P53 and
PARP) to broaden the scope of potential analysis. Addi-
tionally, we decided to use transcriptome-wide ranked sig-
natures that allowed for more sophisticated statistical en-
richment analyses instead of co-occurrence. Our bench-
marking show that this approach performs well for gene lists
that are derived from single perturbation experiments, when
the appropriate statistics is used.

Note that when scoring pathway activity from baseline
transcriptome measurements, we and others recently es-
tablished the R-package PROGENy (17), which uses a re-
gression based score trained on perturbation data. This R-
package uses gene expression quantification of the whole
transcriptome, whereas the SPEED2 analysis conducts an
enrichment analysis on a list of genes pre-filtered by the user
for e.g. differential expression and uses more distinct path-
ways. Therefore these two applications complement each
other depending on the input data available.

In addition to a web tool, we also developed an R-library
that allows to perform SPEED2 analysis programmatically.
This library can be downloaded at the SPEED2 website
and at https://github.com/molsysbio/speed2. In addition to
querying SPEED2 signatures, the R-package also allows to
use custom signatures.

With the extension provided by SPEED2 such as the dis-
tinction of up and down-regulation, addition of more rele-
vant pathways, increasing data depth and suggesting follow-
up candidates we hope to provide an even better service to
the scientific community. Additionally, the rich manually
curated databases on which SPEED2 is build on will allow
to build new tools. For instance, SPEED2 is currently build
as an enrichment tool, which allows to visualize the query
gene groups in the ranked signatures. A complementarily
approach would be to formulate the problem as a classifi-
cation problem and train a classifier that predicts the most
likely deregulated upstream pathway from gene lists.

To conclude, SPEED2 provides a convenient way to score
signalling activity for sets of dysregulated genes obtained
from transcriptome analysis.

AVAILABILITY AND IMPLEMENTATION

SPEED2 is freely available at https://speed2.sys-bio.net as
an online web service. All raw data can be downloaded from
the website, and an R-package (speed2) is available at https:
//github.com/molsysbio/speed2.
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