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Large-scale proteomic approaches have been used to study signaling pathways. However,
identification of biologically relevant hits from a single screen remains challenging due to
limitations inherent in each individual approach. To overcome these limitations, we implemented
an integrated, multi-dimensional approach and used it to identify Wnt pathway modulators. The
LUMIER protein-protein interaction mapping method was used in conjunction with two functional
screens that examined the effect of overexpression and siRNA-mediated gene knockdown on Wnt
signaling. Meta-analysis of the three data sets yielded a combined pathway score (CPS) for each
tested component, a value reflecting the likelihood that an individual protein is a Wnt pathway
regulator. We characterized the role of two proteins with high CPSs, Ube2m and Nkd1. We show that
Ube2m interacts with and modulates B-catenin stability, and that the antagonistic effect of Nkd1 on
Wnt signaling requires interaction with Axin, itself a negative pathway regulator. Thus, integrated
physical and functional mapping in mammalian cells can identify signaling components with high
confidence and provides unanticipated insights into pathway regulators.
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Introduction

Wnt signaling is a key regulator of developmental pathways,
and alterations in the Wnt pathway are associated with
numerous human diseases (Nusse, 2005; Clevers, 2006). At
the core of the canonical Wnt signaling cascade is the
regulation of P-catenin levels by a destruction complex
comprised of proteins including Axin and adenomatous
polyposis coli (APC). In resting cells, B-catenin is sequentially
phosphorylated by casein kinase 1o and glycogen synthase
kinase 3 (GSK3a or B) and is subsequently targeted for
ubiquitin-mediated degradation through the SCF/B-TrCP
complex (Nusse, 2005; Clevers, 2006). Activation of Wnt
signaling induces hyperphosphorylation of Dishevelleds
(Dvls) and this, through a poorly understood mechanism,
ultimately leads to a rise in the levels of nuclear B-catenin and
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activation of target gene expression (Nusse, 2005; Wallingford
and Habas, 2005; Clevers, 2006). Although many Wnt target
genes promote cell proliferation, others such as Axin and
naked (Nkd) function in a negative autoregulatory loop that
serves to block Wnt signaling (Logan and Nusse, 2004). Axin is
thought to downregulate Wnt signaling by promoting forma-
tion of the B-catenin destruction complex (Clevers, 2006),
whereas Nkdl seems to mitigate pathway initiation by
sequestering Dvl (Yan et al, 2001a).

Aberrant activation of the Wnt pathway has been implicated
in several cancers and is a contributing factor to almost 90%
of colorectal tumors (Giles et al, 2003). Consequently, there
is considerable interest in the identification of negative
regulators of the Wnt pathway as this may facilitate
the development of new therapeutic strategies for colorectal
and other cancers. Strategies that can be used to identify
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novel regulators of Wnt and other signal transduction
pathways have been revolutionized by the advent of
high-throughput biology and the associated technologies
(Kabuyama et al, 2004; Moffat and Sabatini, 2006; Preisinger
et al, 2008). Proteins function in complexes, thus large-scale
proteomic approaches involving protein-protein interaction
mapping such as LUMIER, yeast two-hybrid or affinity-
purification coupled to mass spectroscopy provide a fruitful
exploratory approach (Cusick et al, 2005; Stelzl and Wanker,
2006; Gingras et al, 2007; Kocher and Superti-Furga, 2007;
Preisinger et al, 2008). Moreover, mammalian cell-based
functional screens such as RNA interference (RNAi) are
now frequently used to identify signaling mediators (Moffat
and Sabatini, 2006; Iorns et al, 2007). In the case of the
Wnt pathway, several studies have used individual high-
throughput methods to identify novel regulators of Wnt
signaling (DasGupta et al, 2005; Liu et al, 2005; Stelzl et al,
2005; Angers et al, 2006; Bartscherer et al, 2006; Luo et al,
2007; Major et al, 2007, 2008; Tang et al, 2008). However,
identifying biologically relevant associations from primary
screens remains challenging due to experimental and theore-
tical limitations inherent in each individual approach (Cusick
et al, 2005; Stelzl and Wanker, 2006; Hakes et al, 2008). For
instance, yeast two-hybrid mapping of the mammalian
interactome has been initiated (Rual et al, 2005; Stelzl et al,
2005), but the overlap in independently derived maps is low,
necessitating methods of assigning confidence scores to
identified protein interactions (Cusick et al, 2005; Stelzl and
Wanker, 2006; Braun et al, 2009). In parallel, genome-wide
RNAIi screens to identify new components in pathways or
biological activities of interest are also well underway (Iorns
et al, 2007), though these screens have been criticized for the
overabundance of false positives (Moffat and Sabatini, 2006).
Although it is well recognized that integration of diverse data
sets can enhance the prediction of relevant signaling effectors,
in practice, combining data from diverse sources can be
difficult. Thus, despite computational efforts to improve hit
selection (Hakes et al, 2008), on completion of a single screen,
researchers typically undertake lengthy secondary studies to
validate identified hits using methods distinct from that used
in the original screen.

To address these limitations, we have developed an
integrated approach using both physical protein-protein
interaction mapping and functional transcriptional
regulation screens to enhance identification of biologically
relevant signaling components. We applied this approach to
identify modulators of Wnt signaling from a focused subset
of 640 genes, enriched in intracellular signaling components.
Integration of the heterogenous data sets yielded combined
pathway scores (CPSs) for each component, a predictive
score that reflects the likelihood that an individual protein
is a Wnt pathway regulator. We show that this integrated
approach provides enhanced screening performance as
compared with individual screens and led to new insights
into the mechanisms of negative regulation of the Wnt
pathway. Specifically, we characterized two inhibitors,
Ube2m and Nkdl, and show that Ube2m modulates the
levels of B-catenin protein, and that a previously unknown
interaction of Nkdl with Axin is required for the inhibitory
function Nkd1.
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Results

Analysis of protein—protein interactions in the Wnt
pathway using LUMIER

To develop an integrated screening method to identify Wnt
signaling pathway components, we undertook three indepen-
dent high-throughput screens that coupled physical mapping
of protein-protein interactions to functional screens assessing
transcriptional regulation (Figure 1). For the physical mapping
of a Wnt interactome, we used the LUMIER method. In
LUMIER, proteins of interest are fused to Renilla (Barrios-
Rodiles et al, 2005) or Firefly (herein) luciferase and the
association with Flag-tagged proteins coexpressed in mamma-
lian HEK293T cells assessed by performing a luciferase assay
on anti-Flag immunoprecipitates collected using an automated
robotics platform (Figure 2A). Eleven cytoplasmic mediators
of Wnt signals, including B-catenin, Dvl 1, 2 and 3, Axinl and 2,
GSK3p, casein kinase (CK) 1o and 1¢ and Naked (Nkd) 1 and 2,
were tagged with Firefly luciferase for use as baits. Overall
structural integrity of the fusion proteins was confirmed by
examining their interactions with known protein partners
using a manual LUMIER assay (Supplementary Figure 1).
These baits were screened for interactions with a library of 640
3XFlag-tagged cDNAs comprised of an augmented version
(Supplementary Data Set 1) of the earlier described cDNA
library that encodes proteins comprised of diverse signaling-
associated domains (Barrios-Rodiles et al, 2005). To detect
interactions that may be dependent on ligand stimulation, we
determined the interaction of luciferase-tagged components
with each Flag-tagged cDNA in the absence (duplicate runs) or
presence of Wnt3A (single run) for a total of over 21000 tests.
Normalized data are visualized in Figure 2B, where the color
intensity reflects the interaction determined as the fold-change
over the median, or median-based Luminescence Intensity
Ratio (mLIR). To evaluate screen performance, the experi-
mental false positive rate was determined by subjecting 88
protein pairs, representing interactions with a wide range of
mLIR values, for repeat analysis by manual LUMIER. Of these,
80 and 90% of interactions with mLIR values >2 or 3,
respectively, were reproduced (Supplementary Table 1),
indicating that interactions with average mLIR screen values
above 2 are experimentally reliable. Analysis of screen
negatives as compared with interactions reported in the
literature (Supplementary Table 2) revealed a false negative
rate of 40% at an mLIR value cutoff of 2, a rate comparable to
that reported earlier for LUMIER screening of the TGFf
pathway (Barrios-Rodiles et al, 2005). Missed interactions
are likely due to cell-type-specific interactions, steric inter-
ference caused by the epitope tags, the presence of splice-
variants lacking the appropriate interaction domain or
erroneous literature reports. Of note, comparisons of LUMIER
results with earlier studies aimed at identifying B-catenin, Dvl
and Axin protein partners using mass spectroscopy-based
methods (Angers et al, 2006; Major et al, 2007), revealed that
12 of 13 reported interactions assayed by LUMIER were
recapitulated (Supplementary Table 3). Although the sample
size is small (Supplementary Table 4), the screen did not detect
interactions known to occur through indirect mechanisms
such as the association of Axinl with Aktl in the presence of
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Figure 1 Schematic of an integrated, multi-dimensional approach to identify signaling pathway components. Genes harboring cell signaling-associated domains were
randomly selected and then used to generate libraries of corresponding Flag-tagged cDNAs and siRNAs. These were then used in three high-throughput screens to map
protein—protein interactions by LUMIER and to examine the effect of altering protein expression levels on a transcriptional reporter. The data from the three screens were
integrated to derive a combined pathway score (CPS), which predicts the likelihood that a protein is a component of the signaling pathway being studied.

Dvll (Fukumoto et al, 2001), thereby suggesting that in a high-
throughput format, LUMIER preferentially identifies direct
protein partners. Thus, given the low rate of experimental false
positives (20%) and to minimize false negative rates, we
selected an mLIR value cutoff of 2 to build a LUMIER-based
protein-protein Wnt pathway interaction network. This net-
work is comprised of 829 protein-protein interactions between
11 baits and 265 Flag-tagged preys (Figure 2C) most of which
are previously unreported interactions. Although, LUMIER
requires protein overexpression and thus may yield biologi-
cally irrelevant positives overexpression often permits the
detection of weak or transient interactions or those occurring
between low abundance proteins (Barrios-Rodiles et al, 2005).
Thus, the PPI network generated from LUMIER provides
evidence for the potential involvement of a protein partner in
the Wnt pathway, and is an ideal starting point for additional
functional analysis to establish biological relevance.

Functional analysis of Wnt signaling

To complement the map of physical interactions, we carried
out two functional screens to determine the effect of altering

© 2009 EMBO and Macmillan Publishers Limited

the expression of each of the proteins encoded by the Flag-
tagged cDNA library of preys on transcriptional regulation in
the same cell system (HEK293T). As a functional readout of
the canonical Wnt pathway, we used the Wnt3A-responsive
transcriptional reporter, TOPflash, which is comprised of three
LEF/TCF binding sites driving the expression of the Firefly
luciferase gene (Korinek et al, 1997). We first examined the
effect of protein overexpression by transfecting cells with
plasmids encoding each individual Flag-tagged cDNA. TOP-
flash reporter activity in the absence and presence of Wnt3A in
duplicate runs was determined by measuring luciferase
activity, which was then normalized for transfection efficiency
with a coexpressed B-galactosidase reporter gene (Figure 3A).
Comparisons of replicate runs revealed good correlation
(Figure 3A) and manual repeats of a small subset confirmed
results from the high-throughput screen (data not shown).
Analysis of normalized data revealed that known positive
regulators, such as f-catenin, Dvll and LEF1 ectopically
activated the reporter in the absence of Wnt3A, whereas
negative regulators, such as Axin2 and GSK3p, decreased
ligand-mediated stimulation of the reporter (Figure 3A).
Using relaxed hit selection criteria of an average increase of
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Figure 2 High-throughput screening of protein—protein interactions of the Wnt pathway. (A) The LUMIER assay involves coexpression of a Flag-tagged prey and
Firefly luciferase (FF-Luc)-tagged bait in mammalian cells. An interaction is detected by o-Flag immunoprecipitation followed by measurement of luciferase activity.
(B) Results of the LUMIER screen of the Wnt pathway. Luciferase-tagged baits (left) were screened against 640 Flag-tagged cDNAs (numbered across top) in the

absence (—) or presence (+

) of Wnt3A-conditioned media. The mLIR score for each interaction is represented by colors according to the indicated scale. (C) The Wnt

interactome as defined by LUMIER. Interactions with an mLIR > 2 in at least 2 of 3 runs or in the single Wnt3A run, and with a total average mLIR of > 2 are visualized
with Cytoscape (Shannon et al, 2003). The complete network is shown as a circular representation with baits represented by large yellow nodes, preys as small nodes

and interactions by edges.

>1.5-fold or decrease of <0.6-fold relative to the run median,
we found that of the 640 cDNAs examined, 15% enhanced
basal or Wnt-induced reporter activity whereas 8% inhibited
Wnt-induced signaling.

We next examined the effect on Wnt signaling of abrogating
the expression of the endogenous protein corresponding to
each of the genes encoded by the Flag-tagged cDNA prey
library. Cells were transfected with an siRNA pool that targets
each individual gene and the effect on Wnt-dependent
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TOPflash activity in duplicate runs in the presence or absence
of Wnt3A was determined (Figure 3B). After data normal-
ization, candidate Wnt pathway components were identified
by their deviation from the run median using relaxed thresh-
olds of >1.5-fold above and <0.6-fold below the screen
median. As expected, RNAi-mediated knock-down of the
expression of negative regulators such as Axinl and Siahl
increased basal and/or Wnt3A-induced signaling, whereas
abrogation of the expression of essential pathway components
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Figure 3 RNAi and overexpression screens for Wnt pathway modulators. Modulation of TOPflash activity by overexpression or RNA-mediated abrogation of
expression of specific genes was used to identify regulators of the Wnt pathway. Data are shown as scatterplot comparisons of fold over median values from two runs
with the indicated concentrations of cDNAs (A) or replicate siRNA screens (B) conducted in the absence (left panels) or presence of Wnt3A (right panels).

such as pB-catenin, prevented Wnt3A-dependent activation
of TOPflash reporter activity (Figure 3B). RNAi-based
approaches have the notable advantage that the contribution
of endogenous genes on signaling is directly assessed.
However, besides the potential for off-target or indirect effects
on the targeted protein, the method is limited by the fact that
incomplete gene knock-down or redundant activities by highly
related proteins can obscure the contribution of a component.
Nevertheless, novel positive and negative regulators of
canonical Wnt signaling were identified using this approach.

Data integration and the CPS

To explore methods for integrative analysis with the goal of
facilitating the identification of novel pathway components,
we first used straightforward Venn diagrams to overlay the
results of the two functional screens and the LUMIER screen
(Figure 4A). To ensure maximal identification of true positives,
we used relaxed cutoffs as described above (Figures 2B and 4).
This analysis revealed that 10 of 19 key pathway components
(Supplementary Data Set 2) were found within the intersection
of the three screens, whereas an additional six key components
were located in the overlap region of two of three screens.
These 16/19 positives were among a total of 169 hits found
within the double and triple overlaps. In this analysis
(Figure 4A), hit selection from individual screens following
statistical analysis requires the selection of specific cutoffs
before data integration. The disadvantage of this approach is

© 2009 EMBO and Macmillan Publishers Limited

that true positives that fall below the designated cutoffs, as
the result of experimental and/or theoretical limitations of a
particular screen, would be eliminated before the application
of integrative analysis. Thus, to obviate the need to set
arbitrary cutoffs for individual screens before data integration
and to obtain a numerical measure of the likelihood that a
protein is a bona fide component of the pathway, we next
sought to develop a quantitative method to integrate the
heterogenous data sets. For this we developed the CPS, a value
that reflects the likelihood that a tested gene is a component of
the signaling pathway of interest. Without assuming the
normality of the data, we first converted raw experimental
intensities into normalized log intensities using a robust Z-
score transformation. P-values were derived and the negative
log of combined P-values were then used as a condition-
specific confidence score for each cDNA, ranging from 0 to 15,
where a higher number indicates higher certainty that the
observed intensity deviates from the norm. This yielded 15
condition-specific scores, 11 for each bait in the LUMIER
screen, and 4 for the individual control and Wnt3A-treated
cDNA and RNAi-based transcriptional assays. Our objective
was to identify those genes that display the highest probability
of being novel Wnt pathway modulators, irrespective of the
specific protein partner or the mode of function of the
component in the pathway. Thus, we next calculated a single
overall score for each cDNA by combining these condition-
specific confidence scores, a number we refer to as the CPS. To
provide for equivalent weightings of each of the three screens
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Figure 4 Integration of data from multiple screens. (A) A proportional Venn

diagram (prepared with www.cs.kent.ac.uk/people/staff/pjr/EulerVennCircles/
EulerVennApplet.html), indicating the number of hits in the LUMIER (as defined
in Figure 2), RNAi and cDNA overexpression (where overexpression or
knockdown gave an average fold over median > 1.5 or < 0.6 in the presence or
absence of Wnt3A) and the degree of overlap. (B) Distribution of combined
pathway scores (CPSs) of integrated screen data. The percentage of core
(Group 1) and known (Group 2) components of the Wnt pathway and all tested
genes (All) corresponding to the indicated CPS thresholds are shown. (C)
Receiver operating characteristic (ROC) curves assessing screen and CPS
performance. The sensitivity (true positives) versus 1-specificity (false positives)
is plotted for the integrated (CPS) and individual screens (cDNA, LUMIER
and RNAi).

(LUMIER, RNAi and cDNA overexpression), a single screen-
specific score, consisting of the maximal condition-specific
score achieved in each screen type, was determined. For
example, in LUMIER, the highest score obtained for interaction
with any one of the 11 baits was used. The sum of these three
screen-specific scores for each cDNA yielded the CPS, a
quantitative indicator of the probability that a given cDNA is
likely to be a component of the canonical Wnt pathway
(Supplementary Data Set 3).

The maximum theoretical score achievable is 45 (15 in all 3
runs), though the most highly ranked known component,
CSNKI1D, scored 33. The maximal score in any one run is 15,
thus genes with CPSs close to 15 may reflect either a very
strong hit in a single screen, as for NKD2 (CPS =16), which
had a LUMIER score of 15, or a lower score in multiple screens,
such as RHOA (CPS=15.8) with scores of 7, 2 and 6.8 in
LUMIER, RNAi and cDNA overexpression screens, respec-
tively. To assess how well the CPS method performed, we first
analyzed the distribution of ranked scores and observed that
while only 8.6% of all genes achieved a score of 15 or greater,
over 89% of well-established key components essential for
Wnt pathway function (group 1) present in the screen scored
15 or higher (Figure 4B). We also examined the distribution of
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Score |, ymIER

Name (CPS) RNAi cDNA
ARHGEF11 21.87 | 15.00 0.68 6.18
ANKRD6 19.09 | 15.00 1.74 2.34
AXIN1 2365 | 15.00 3.57 5.08
AXIN2 20.91 15.00 1.20 4.71
BTRC 19.82 7.02 0.90 11.90
CSNK1A1 26.75 | 13.47 0.82 12.45
CSNK1D 32.76 | 15.00 2.76 15.00
CSNK1E 32.01 15.00 2.01 15.00
CSNK2A2 18.74 | 11.83 6.23 0.67
CTNNB1 29.59 7.71 6.88 15.00
CUL1 18.88 3.43 0.45 15.00
DVL1 24.41 8.63 0.78 15.00
DVL1 21.29 | 15.00 0.78 5.51
DVL2 31.90 | 15.00 1.90 15.00
DVL3 31.79 | 15.00 1.79 15.00
FRAT1 31.98 | 15.00 1.98 15.00
GSK3A 26.15 | 15.00 4.63 6.52
GSK3B 18.69 | 15.00 0.88 2.80
LEF1 24.83 8.57 1.26 15.00
MAP3K7 18.81 4.75 1.66 12.40
NKD1 22.49 | 15.00 3.76 3.73
PPP1CC 20.21 3.35 1.86 15.00
SFRS5 33.91 | 15.00 3.91 15.00
SFRS16 19.16 | 13.40 2.76 3.00
SIAH1 18.78 | 15.00 3.06 0.72
SMURF2 18.85 2.65 1.21 15.00
TCF7 21.25 5.10 1.16 15.00
UBE2M 23.88 8.02 0.86 15.00
WWTR1 20.97 4.53 1.44 15.00

Figure 5 Top hits as defined by CPS. Scores for individual screens and the
CPS are shown. Shading indicates known Group 1 (green), Group 2 (yellow) and
putative novel (blue) pathway components. Full length and a splice variant of
Dvl1 are shown.

22 (group 2) components, which are known Wnt pathway
regulators, but may not be essential for Wnt pathway function
(Supplementary Data Set 2). We observed that over 27% of
this group achieved CPSs of 15 or better (Figure 4B). Thus, the
set of highly scoring genes were particularly enriched in Wnt
pathway components.

To further evaluate performance, we generated receiver
operating characteristic (ROC) curves, which are plots of
sensitivity (true positives) versus 1-specificity (false posi-
tives), using the key components (group 1) as true positives,
and 200 randomly selected screened genes as false positives
(Supplementary Data Set 2). This analysis revealed that the
CPS outperformed each of the individual screens in identifying
true positives while maintaining low false positive rates
(Figure 4C; Supplementary Table 5). For example, in the CPS
method, a true positive rate of 79 % (obtained at a CPS 0f 18.9),
yielded a false positive rate of only 0.5%, whereas in single
screens the corresponding false positive rate ranged from 13 to
65%. Of note, calculating the CPS by weighting of the three
distinct assays using Linear Discriminant Analysis did not
significantly improve the predictive accuracy of the CPS (data
not shown), so equivalent weighting of the three individual
screens was retained.

Thus, the CPS is a sensitive, specific and predictive method
and reveals that an integrative analysis method that dispenses
with individual screen cutoffs is a powerful approach for
identifying biologically relevant signaling components.
Examination of the top scoring genes (CPS>18; Figure 5)
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identified eight genes that had not been previously associated
with Wnt signaling as well as 21 known pathway components.
From the 29 genes, we selected two that displayed differing
scoring patterns but with high CPS, namely Ube2m, and a
known component, Nkd1, for further characterization.

Ube2M is a novel Wnt pathway component

Ube2m displayed a high CPS of 24, interacting specifically with
B-catenin in the LUMIER screen (Supplementary Figure 2A)
and potently activating TOPflash when overexpressed but
without effect in the RNAIi screen, a scoring pattern similar to
that obtained by GSK3B (Supplementary Data Set 1). Ube2m is
a member of the E2 ubiquitin-conjugating enzyme family that
transfer the ubiquitin-like moiety, Nedd8, to target proteins,
most notably, cullins (Parry and Estelle, 2004; Petroski and
Deshaies, 2005). Neddylation of cullins within E3 ligase
complexes is essential for the ubiquitination of target
substrates and it is the Cull-containing SCF/B-TrCP complex
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Kawakami et al, 2001). Consistent with LUMIER, manual
assays confirmed that Flag-Ube2m interacted with B-catenin-
FFluciferase as well as with endogenous B-catenin (Figure 6A;
Supplementary Figure 2B) and that overexpressed mouse
or human Ube2M activated TOPflash in a dose-dependent
manner (Figure 6B; Supplementary Figure 2C) but not the
mutated reporter, FOPflash (Supplementary Figure 2D). Of
note, increased TOPflash activity was observed at levels of
ectopically expressed Ube2m of only four-fold over endo-
genous levels (Supplementary Figure 2C). Overexpression of
Ube2m also stabilized total endogenous B-catenin, the GSK3/
CK1 phosphorylated form and nonphosphorylated, active,
B-catenin (Figure 6C). As the phosphorylated form of B-catenin
is normally rapidly targetted for degradation, these results
suggest that Ube2m overexpression disrupts the activity of the
B-catenin destruction complex.

As neddylation of Cull occurs most efficiently in the context
of a correctly assembled SCF complex (Read et al, 2000;
Petroski and Deshaies, 2005; Bornstein et al, 2006; Chew and

that mediates B-catenin degradation (Latres et al, 1999; Hagen, 2007), overexpression of Ube2m may enhance
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Figure 6 Ube2m is a Wnt pathway component. (A) Endogenous B-catenin interacts with 3XFlag-Ube2m. HEK293T cells were transfected with Flag-tagged Ube2m or
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signaling by interfering with neddylation within the B-TrCP
destruction complex. Indeed, overexpression of Nedd8 in-
hibited Wnt signaling and reversed activation by overex-
pressed Ube2m, while overexpression of Smad1 or cofilin, as
controls, had no effect (Figure 6D and E). Furthermore, IL1-
induced NFkb reporter activation (Supplementary Figure 2E),
which requires SCF/B-TrCP-mediated destabilization of the
inhibitor IxkBa (Read et al, 2000), was blocked by Ube2m
overexpression, consistent with interference of SCF/B-TrCP
activity. These results suggest that alterations in the expression
of components of the SCF/B-TrCP complex can modulate the
activity of Wnt signaling. Moreover, our demonstration that
Ube2m interacts with B-catenin, also suggests that efficient
activity of the destruction complex may be facilitated by
substrate-dependent enhancement of Cull neddylation by
recruitment of the neddylating enzyme, Ube2m (Figure 6F). As
high levels of Ube2m enhance Wnt signaling, we speculate
that enhanced expression in vivo has the possibility of
contributing to Wnt-induced diseases, such as cancer.

Nkd1 cooperates with Axin to inhibit the canonical
Whnt signaling pathway

Nkd1 is a Wnt-induced gene that functions as an antagonist of
canonical Wnt signaling (Wharton et al, 2001; Yan et al,
2001a). Nkd1 interacts with Dvl and it has been suggested that
this association is essential for the inhibitory effect of Nkd1 in
the Wnt/B-catenin pathway (Wharton et al, 2001; Yan et al,
2001a). However, Nkd1 mutants unable to antagonise the Wnt
pathway still interact with Dvl (Yan et al, 2001a), suggesting
that other Nkd1 binding partners may also contribute to the
inhibitory effect of Nkd1 on Wnt signaling.

In our combined screen analysis, Nkd1 achieved a high CPS
of 22.5 and, consistent with earlier studies, interacted with all
three Dvls and repressed TOPflash activity (Supplementary
Data Set 1). In addition, LUMIER also revealed a novel
interaction between Nkd1 and the key Wnt inhibitor, Axin. To
confirm the screen data, we tested the interaction between
luciferase-tagged Nkdl and Flag-tagged Axin 1 or 2 using
manual LUMIER (Figure 7A). Nkd1 interacted efficiently with
Axinl and to a lesser extent Axin2. A similar association of
Nkd1-HA with 3XFlag-Axinl was detected by immunoprecipi-
tation followed by immunoblotting (Supplementary Figure
3A). Moreover, an interaction between transfected Nkd1 and
endogenous Axinl in HEK293Tcells was observed (Figure 7B).
To determine the regions of Nkd1 required for association with
Axinl, we prepared a series of Flag-tagged Nkdl deletion
mutants (Figure 7C) and the ability of these mutants to bind
luciferase-tagged Axinl was assessed using the LUMIER assay
(Figure 7D). This analysis revealed that mutants lacking a 17
amino acid C-terminal histidine-rich tail did not bind Axinl. A
similar mapping experiment to determine the regions of Nkd1l
required for binding DvI2 showed that mutants lacking the
histidine-rich tail retained interaction with DvI2 (Supplemen-
tary Figure 3B) and consistent with earlier work (Rousset et al,
2002), deletion of internal domains of Nkd1, including the EF
hand and flanking regions, disrupted the interaction between
Nkd1 and Dvl2.

Nkd1 overexpression inhibits Wnt3A-dependent TOPflash
activation (Supplementary Figure 3C). To identify the regions
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of Nkd1 required to mediate this effect, we next tested the
ability of each of the Nkdl deletion mutants to repress
TOPflash activity in HEK293T cells. All of the Nkd1 deletion
constructs displayed a severely impaired ability to repress
TOPflash activity, including those that retain the ability to bind
Dvl (Figure 7E). This suggests that in addition to the
previously reported requirement for Dvl interaction (Yan
et al, 2001a), Nkd1l interaction with Axin is required for
maximal inhibition of TOPflash. We next focused on Axinl and
observed that abrogation of Axinl expression by siRNA,
increased Wnt3A-dependent signaling as expected given the
negative role of Axins in Wnt signaling (Figure 8A). Moreover,
our analysis revealed that the Nkdl-mediated inhibition
of TOPflash was impaired in cells transfected with
siRNAs targeting Axinl compared with those transfected with
control siRNA (Figure 8A). Decrease of Axinl expression was
confirmed by quantitative RT-PCR, with an average knock-
down efficiency of almost 60% observed (Supplementary
Figure 3D). Overall, these results reveal that the antagonistic
activity of Nkd1 in the canonical Wnt signaling pathway is not
only dependent on Dvl as previously thought, but also requires
interaction with Axins. Given that the expression of Nkd1 and
Axin2 is induced by Wnt pathway activation in many
biological contexts (Yan et al, 2001b; Lustig et al, 2002; Koch
et al, 2005) and that Nkd1 can interact with both Axinl and
Axin2, these data suggest the intriguing possibility of the
existence of a novel reinforcing negative feedback loop where
Wnt induces expression of both Nkd1l and Axin2, and that
these two proteins in turn can physically interact and
cooperate to repress Wnt signaling (Figure 8B).

In summary, the identification of Ube2m as a regulator of
B-catenin stability and of Axin as a novel partner for Nkd1l
demonstrates the utility of the application of CPS in providing
new insights into signaling pathways. Together with our
demonstration of enhanced performance in identifying known
Wnt pathway effectors, these results demonstrate that our
integrated mammalian cell-based physical and functional
mapping method is a powerful approach that can be applied
to diverse pathways to facilitate identification of novel
signaling regulators.

Discussion

Individual high-throughput screening methods, such as
protein-interaction mapping or RNAi-based functional
screens, have been successfully applied to the investigation
of signal transduction pathways (Kabuyama et al, 2004; Moffat
and Sabatini, 2006; Preisinger et al, 2008). However, it is
widely appreciated that there are experimental and/or
theoretical limitations inherent in each individual approach.
One way to overcome these limitations is to use multiple
screening methods and integrate the divergent data sets.
Indeed, several investigators have used multiple screening
methods to verify hits obtained in a primary screen. For
instance, in one study, hits obtained in a genome-wide siRNA
screen were verified using a series of secondary screening
methods including a microarray-based approach and by compar-
isons with protein interaction networks (Major et al, 2008).In a
second study, a method was developed to assign confidence
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are shown as the mean of two samples + standard deviation.

scores to protein—protein interactions detected by yeast-two-
hybrid by using four alternative methods to test identified
interacting partners (Braun et al, 2009). These approaches
show great potential for strengthening hit selection from
primary screens, especially in the elimination of false
positives. However, they do not address the flaws in the
primary screen that may lead to false negatives. Thus, an
alternative approach for integrated screening is to carry out
multiple independent screens to identify hits common to each.
For instance, a recent study combined siRNA and small
molecule screening methods to identify common protein

© 2009 EMBO and Macmillan Publishers Limited

targets (James et al, 2009). However, one limitation of each
of these approaches is the necessity to specify cutoffs to define
reliable high-confidence interactions or activities. These cut-
offs typically yield fewer false positives but overlook interac-
tions or effects considered of lower confidence but that may be
biologically relevant.

Here, we used an integrated approach that incorporates a
physical interaction map and two functional screens and
applied it to the Wnt signaling pathway. We developed the CPS
as a means to integrate the three distinct data sets, which
negated the need to use arbitrary cutoffs to define hits. We
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inhibition of Wnt3A signaling by Nkd1 and Axin1 cooperation.

show that combining diverse data sets using CPS can provide a
more robust estimation of biological relevance as the distinct
advantages of each approach can serve to mitigate individual
disadvantages. Indeed, CP scoring demonstrated enhanced
performance as compared with individual screens in identify-
ing known Wnt pathway components, while maintaining a
low rate of false positives when compared with the individual
screening methods. Thus, combining diverse data sets in this
way serves as a powerful filter of artifactual hits that are
inherent in individual screening strategies, such as off-target
effects in RNAi-based methods. This represents a distinct
advantage of integrated analysis as it facilitates triaging of hits
before tertiary studies, which in the case of in vivo analysis is
typically both lengthy and laborious.

Consistent with the expected enhanced selection of relevant
components, application of this multi-dimensional integrated
approach led to the successful identification of proteins not
previously known to be in the Wnt pathway. Smurf2 was one
of the top scoring genes by CPS (Figure 4D), and elsewhere we
showed that Smurf2 and Smurfl are key regulators of
noncanonical Wnt pathways (Narimatsu et al, 2009). Herein,
we described the identification of Ube2m as a regulator of
canonical Wnt signaling. Ube2m is a member of the E2
ubiquitin-conjugating enzyme family that transfers Nedd8 to
cullins, which are components of SCF complexes that function
to ubiquitinate target substrates (Parry and Estelle, 2004;
Petroski and Deshaies, 2005). Although a role for Ube2m in
Wnt signaling may have been deduced given the requirement
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for SCF complexes in B-catenin degradation, our examination
of screen results and subsequent verification, revealed an
interaction between Ube2m and the SCF complex substrate,
B-catenin suggesting that this association may contribute to
targeting of B-catenin by modulation of Cull neddylation.
Indeed, other studies have shown that substrate-bound Cull
complexes are highly neddylated, though the molecular basis
for this observation is still under active investigation (Merlet
etal, 2009). Our analysis further revealed that modest changes
in Ube2m expression can modulate Wnt signaling. On the
basis of these findings, further investigation of a role for
Ube2m in Wnt-associated human diseases is warranted.

Our integrated screening method also provided new insights
into the mechanisms of action of previously known pathway
components, such as Nkd1. Naked family members were first
characterized in Drosophila, where it was shown that mutants
of the Naked cuticle (dNkd) gene display segmentation
defects, including the replacement of denticles by excess
secreted naked cuticle (Zeng et al, 2000). This phenotype
resembles that of embryos exposed to excess Wingless (Wnt)
ligand, and thus it was proposed that Nkd functions as an
antagonist of Wnt signaling. Subsequent analysis of dNkd as
well as the mammalian counterparts, Nkd1 and Nkd2 revealed
that the interaction of Nkds with Dvls was important for the
repressive effects on Wnt signaling (Wharton et al, 2001; Yan
et al, 2001a; Rousset et al, 2002). However, the observation
that Nkd mutants that retain Dvl binding were ineffective in
blocking Wnt-induced transcriptional responses (Yan et al,
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2001a) suggested that the mechanism for the inhibitory
activity of Nkds remained incompletely understood.

Here, we have shown that Nkd1 binds Axinl and Axin2, two
potent negative regulators of Wnt signaling. In Nkd1, this
interaction is mediated by an unusual 17 amino acid carboxy-
terminal region comprised of 11 His residues, a domain that is
essential for the negative effect of Nkd on Wnt-dependent
transcriptional activity. Moreover, we showed that reduction
of Axinl levels by siRNAs, impaired the ability of Nkd to
inhibit Wnt-dependent reporter activation. As loss of Dvl
expression abrogates Wnt signaling, it was not possible to use
a similar siRNA-mediated approach to examine the require-
ment of Dvl in Nkd function. However, consistent with earlier
literature, we observed that Nkd mutants unable to bind Dvl,
do not block reporter activation. In earlier models, it was
proposed that Nkd blocks Wnt signaling by sequestering Dvl,
possibly by drawing Dvl into the competing noncanonical Wnt
pathway (Yan et al, 2001a). However, our studies suggest that
the maximal repressive effects of Nkd, requires association
with both Dvl and Axin. Activated Dvl is thought to disrupt the
B-catenin destruction complex, of which Axin is a component,
and we speculate that Nkdl may act at this stage. Unfortu-
nately, the mechanism whereby Dvl disrupts the complex
remains mysterious thus the precise function of Nkd1 remains
an area for further study.

Wnt signaling is critical for numerous developmental
processes including the maintenance of the stem cell pool,
all of which are processes, like tumorigenesis, in which
changes in the level and duration of signal can have profound
consequences (Logan and Nusse, 2004; Clevers, 2000).
Consistent with this, numerous extracellular regulators, such
as SFRP, Wisp1 and Dkk serve to limit excessive Wnt signaling.
Moreover, a feature of Wnt pathway activation is the induction
of the expression of intracellular negative regulators, including
Nkdl and Axin2 (Yan et al, 2001b). As our studies have
demonstrated that Nkd1 requires Axin expression for maximal
effect, it suggests that simultaneous Wnt-dependent gene
activation of these two interacting partners, which then
cooperate to maximally inhibit Wnt signaling, can provide
for a reinforcing negative regulatory loop that contributes to
the precise control of Wnt pathway activation (Figure 8B).

In summary, we have shown that determination of a CPS,
allows integration of physical and functional behaviors for
each gene, and thereby enhances the selection of physiologi-
cally relevant pathway components. Although our screen was
focused on the Wnt pathway, integration of our physical
interaction map with functional screens using alternative
reporters has the potential to provide rapid insights into other
signaling pathways.

Materials and methods

cDNA and siRNA libraries

The previously described Flag-tagged cDNA library (Barrios-Rodiles
et al, 2005) was augmented using cDNA templates obtained from the
FANTOM1 mouse cDNA library or the Mammalian Gene Collection
mouse or human libraries. To establish the identity of each cDNA, the
closest matching human and mouse genes were determined by Blast
searches using both the nucleotide sequence of the open reading frame
and the corresponding amino acid sequence against the mouse and
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human databases. The top Blast hit was adopted as the identity of the
cDNA. In instances where the amino acid and nucleotide Blast
searches did not match, manual curation was used to determine the
gene identity. This information was used to establish an siRNA library
consisting of siRNAs that corresponded to the components of the
cDNA library. All siRNAs were siGENOME pools purchased from
Dharmacon. To indicate the library components that have previously
been reported to be involved in Wnt signaling, we designated two
groups of Wnt-pathway component genes. Members of group 1 have
been shown to be essential for the functioning of the Wnt pathway,
while group 2 genes have shown to be involved but are not considered
essential to pathway function.

LUMIER screens

High-throughput protein interaction screens were carried out at the
SMART Robotics Facility in Mount Sinai Hospital, Toronto (robotics.
lunenfeld.ca) using the LUMIER assay as described earlier (Barrios-
Rodiles et al, 2005) with the following modifications. Baits were tagged
with Firefly luciferase. HEK293T cells were manually seeded in poly-L-
lysine coated 96-well dishes at a density of 22 000 cells per well. Two
days after transfection, cells were either left untreated or were
stimulated for 3h with Wnt3A-conditioned media produced as
described earlier (Labbe et al, 2007). Cells were lysed 170 ul of lysis
buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-
100, 1 mM DTT, 10% (vol/vol) glycerol) containing phosphatase and
protease inhibitors. Aliquots of cell lysates were subjected to
immunoprecipitation (100ul) or were used directly (10pl) for
totals. After addition of luciferase substrate (75 pl for immunopreci-
pitation and 25pl for totals), luciferase activity was measured on
a chemiluminesence imaging plate reader (CLIPR, Molecular
Devices, CA).

cDNA overexpression and RNAi TOPflash screens

HEK293T cells were manually seeded in poly-L-lysine coated 96-well
dishes at a density of 11000 cells per well. Cells were transfected with
0.8 ul of Lipofectamine 2000 (Invitrogen), 75 ng of TOPflash, 25 ng of
B-galactosidase and either 100 ng Flag-tagged cDNA (overexpression
screen) or 57 nM siRNA (RNAi screen). Cells were treated with control
medium or Wnt3A-conditioned medium overnight and then lysed with
100 ul of lysis buffer (25mM Tris, 2mM DTT, 2mM CDTA, 10%
glycerol, 1% Triton X-100). Aliquots of the lysate (10 pl) were used to
read luciferase activity using a CLIPR and P-galactosidase activity
using an Envision reader (PerkinElmer).

cDNA constructs and siRNAs

All constructs were triple Flag-tagged and taken from the cDNA library
(Barrios-Rodiles et al, 2005), with the exception of human UBE2M
(untagged MGC clone BC058924) and Nkd1l mutants. Nkd1 deletions
were prepared by identifying the regions of human Nkd1 correspond-
ing to domains previously characterised in Drosophila (Rousset et al,
2002). Deletions mutants were then generated by PCR using full-length
Nkd1 as a template and inserting the products into pCMV5c via HindIlII
and BamHI restriction sites. The siRNA-targeting Axinl was an
siGENOME pool purchased from Dharmacon, and the sequence for
control siRNA was GGGCAAGACGAGCGGGAAG.

Immunoprecipitation and immunoblotting

HEK293T cells were transfected using calcium phosphate and
immunoprecipitation (IP) and immunoblotting (IB) were carried out
as described earlier (Labbe et al, 2000). Antibodies were used at the
following dilutions: Flag (Sigma #F3165; 1:1000 IP, 1:2000 IB); Ube2m
(Abnova #H00009040-MO01; 1:1000 IB); B-catenin (BD Biosciences
#610153; 1:1000 IB); Phospho-B-catenin (Cell Signalling Technology
#9561; 1:1000 IB); active B-catenin (Millipore #05-665; 1:1000 IB);
Axinl (Signalling Technology #2087; 1:1000 IB); Actin (Sigma # A2066;
1:2000 IB).
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Calculation of mLIR and thresholds

For the LUMIER screen, data were normalized to the plate-based
median to derive the mLIR. Two proteins were considered to interact if
the mLIR was >2 in two of the three runs or in the single Wnt3A run,
and the average mLIR of all three runs was >2. For the cDNA
overexpression and RNAIi screens, each data point was divided by the
run median to derive the fold over median value. The average value of
duplicate screens was calculated and a component was considered to
modulate Wnt signaling if this average was >1.5 or <0.5.

Data analysis

For each cDNA, in each condition in each screen, we calculated a
numerical P-value as a measure of confidence that the observed effect
deviated significantly from the median. For this, log-transformed
luciferase intensities from batches of 96-well plates were normalized
by subtracting the plate median log intensity and dividing by a robust
estimate of the plate standard deviation. This estimate was the median
absolute deviation (MAD) of the batch divided by the MAD of the
standard normal distribution. We call these values normalized log
intensity Z-scores. Next, these Z-scores were converted into P-values
using a standard normal cumulative distribution curve. For the
LUMIER assay, we only calculated P-values for the hypothesis that
each Z-score was significantly higher than the median; for all other
assays, we calculated P-values for both the lower and higher than the
median single-sided hypothesis. P-values were thresholded at 107'°
and replicates were combined using Fisher’s method and re-
thresholded. For all assays except LUMIER, the final P-value was the
minimum of two different sets of combined P-values; one representing
the hypothesis that all replicates were above the median, and one that
all were below the median. Finally, the confidence score of each cDNA
in each condition is the negative log;o of the final combined P-value
and thus ranges from 0 to 15. ROC curves were generated using SPSS.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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