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RESEARCH ARTICLE

RESULTS

Creating FUSION maps from gene expression
signatures

To build a molecular functional ontology for annotation of the activity of
molecules, such as natural products or small molecules, or the effect of
genetically targeted perturbations, such as siRNAs or miRNA mimics,
in cell-based phenotypic screens, we measured the expression of a specific
set of genes representing a signature that could serve as a proxy for the
physiological state of the cell (4-9). To select a small set of high-
performance endogenous mRNAs that could serve as reporters of diverse
cell biological states, we queried a collection of publicly available whole-
genome expression arrays (~3700 arrays) for gene products displaying
high variation and low covariation across multiple genetic or pharmaco-
logical perturbations in human cells (/3). Six genes (ACSL5, BNIP3L,
ALDOC, LOXL2, BNIP3, and NDRG1) fit these criteria and also displayed
concordant responses to genetic or chemical perturbation of the mitogen-
activated protein kinase (MAPK) pathway in HCT116 cells. In addition,
two genes (PPIB and HPRT) that showed limited variation in expression
were used as internal normalization controls [http://www.bcgsc.ca/project/
bomge/coexpression/ (/3) (fig. S1A)]. We made high-throughput mea-
surements of this “endogenous reporter gene set” using multianalyte
capture beads and branched-DNA signal amplification to enable direct simul-
taneous quantitation of multiple mRNAs in each well of a 384-well plate.
We used this approach to screen a collection of 780 siRNAs targeting hu-
man kinases and related proteins and 344 nonredundant miRNA mimics.
Normalized reporter gene expression was measured 72 hours after trans-
fection of miRNAs or siRNAs into HCT116 colorectal adenocarcinoma
cells (fig. S1B and table S1). Assembly of the endogenous reporter gene
signatures resulting from each perturbation into a similarity matrix, using
Euclidean distance distributions, linked biologically similar genetic pertur-
bations. For intuitive data visualization, we used two phylogenetic tree con-
struction algorithms. These included complete-linkage clustering, which is
commonly used for unsupervised hierarchical clustering of transcript array
data, and neighbor joining, which finds the near-optimum tree topology
with minimal branch length (14, 15). In addition, we estimated all the pair-
wise distances between genetic perturbations and evaluated the statistical
significance per pair by permutation (see Materials and Methods). This anal-
ysis produced FUSION maps (Fig. 1A), linking bioactive compounds to mo-
lecular entities, biological process, or both (table S1; http://whitelab.swmed.
edu/fmap/fusion].php).

Validating the FUSION approach on the basis of known
relationships among proteins targeted by miRNA
mimics or siRNAs

To evaluate the performance of the reporter gene set, we tested the predic-
tion that, when expressed as miRNA mimics, miRNA families that share
the same seed region should produce more similar gene reporter signatures
than those produced by random pairs of miRNAs. The seed sequence of a
miRNA, which anneals to complementary sequences on target mRNAs, is
a major determinant of miRNA-mediated suppression of gene expression
(11). The miRNA mimic library that we used corresponds to endogenous
human miRNAs from miRBase version 8.0 (/6). This miRNA mimic
library has an internal redundancy of 20% because multiple genetic loci
produce the same mature miRNA. Thus, the library contains 426 miRNA
mimics composed of 344 nonredundant sequences. Reporter gene expres-
sion was largely uncoupled from endogenous miRNA abundance (fig. S1,
C and D, and tables S1 and S2). Moreover, as a set, the expression of the
selected reporter genes responded to transfection of most of the miRNA
mimics; 73.5% of the miRNA mimics elicited a twofold or greater
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change in expression of one or more reporter genes (fig. S2 and table
S1, “genetic_all” tab). From the similarity matrix computed for the
miRNA library, we found concordance of reporter gene signatures
among miRNA seed families (Fig. 1A and fig. S2). Among miRNA
mimics with matching seed sequences (nucleotides 2 to 7), reporter
gene signatures correlated to an almost equivalent degree as observed
for miRNA mimics that were completely identical (Fig. 1, B to D). Fur-
thermore, the concordance of reporter gene signatures among miRNA
mimics with identical seed sequences was not influenced by the remaining
nonseed sequence (Fig. 1, E and F). Thus, the correlation between the
seed sequence and the gene signatures suggests that the equivalence of
miRNA targets drives the miRNA mimic clustering, which, by extrapola-
tion, suggests that the chosen reporter gene set appropriately reports the
effects of these reagents across diverse biological activities.

To evaluate the performance of the reporter gene set in cells expressing
the kinome siRNA library, we tested the prediction that pairs of kinases in
the kinome that physically interact (/5) should have more similar reporter
gene signatures than random pairs of kinases targeted by the siRNA
library. From the FUSION map of the siRNAs clustered by reporter gene
signature similarity (fig. S3 and table S1), we plotted a cumulative distri-
bution of reporter gene signature similarity scores for the kinome siRNA
data set (Fig. 1G). This analysis indicated a significant enrichment of sim-
ilar reporter gene signatures among siRNAs targeting kinases that physi-
cally interact, further indicating that FUSION mapping can successfully parse
siRNA-mediated perturbations across diverse biological responses.

We also computed a combined miRNA mimic and siRNA FUSION
matrix (fig. S4A and table S1, “genetic_all” tab) to evaluate performance
of the reporter gene set across different classes of genetic perturbations. To
minimize the contribution of off-target effects of the siRNAs due to se-
quence overlap between siRNAs and the seed region of miRNAs, we screened
pools of four individual siRNAs per target gene (/7-20). Of the 311 pos-
sible pairwise comparisons between a specific miRNA mimic and a cor-
responding siRNA pool in which the miRNA’s seed sequence was also
present in an siRNA oligo within the pool, we detected 94 siRNA-miRNA
gene expression correlations (with Pearson correlation >0.5) that were po-
tentially caused by the siRNA recognizing the same sequence as that of
the miRNA mimic seed sequence (table S3). That is, a subset of the siRNAs
with sequences that included miRNA seed sequences showed a slightly
larger average correlation than those with different seed sequence regions
(fig. S4B), supporting the notion that off-target effects of siRNA oligos
made a minor but identifiable contribution to the FUSION matrix.

Predicting cellular functions of understudied kinases
and linking miRNAs to signaling pathways with

FUSION mapping

To test whether FUSION mapping could be used to predict functional rela-
tionships among genetic perturbations, we focused on two sets of miRNA
mimics and siRNAs that clustered together in the miRNA-siRNA similar-
ity matrix (fig. S4A) and that, on the basis of some of the targeted pro-
teins, would be predicted to have opposing effects on autophagy (Fig. 2, A
and B). One cluster included Unc-51-like autophagy-activating kinase
1 (ULK1), which is required for autophagosome formation and maturation
(21), whereas the other cluster included mechanistic target of rapamycin
(mTOR), which functions in the mTOR complex 1 to inactivate ULK1
and suppress autophagy (22). Reporter gene signatures produced by siRNA
knockdown of ULK1 or mTOR produced distinct functional signatures
that correlated with those produced by miRNA mimics and siRNAs within
the same cluster (present in the same clade) at a false discovery rate (FDR) of
<20% (Fig. 2, A and B). These clusters contained several known modulators
of autophagy and their first-order protein interaction partners (23) (Fig. 2C).
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