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Because proteins are the main mediators of most cellular
processes they are also prime therapeutic targets. Iden-
tifying physical links among proteins and between drugs
and their protein targets is essential in order to under-
stand the mechanisms through which both proteins them-
selves and the molecules they are targeted with act. Thus,
there is a strong need for sensitive methods that enable
mapping out these biomolecular interactions. Here we
present a robust and sensitive approach to screen pro-
teome-scale collections of proteins for binding to proteins
or small molecules using the well validated MAPPIT
(Mammalian Protein-Protein Interaction Trap) and MASPIT
(Mammalian Small Molecule-Protein Interaction Trap) as-
says. Using high-density reverse transfected cell microar-
rays, a close to proteome-wide collection of human ORF
clones can be screened for interactors at high through-
put. The versatility of the platform is demonstrated
through several examples. With MAPPIT, we screened a
15k ORF library for binding partners of RNF41, an E3
ubiquitin protein ligase implicated in receptor sorting,
identifying known and novel interacting proteins. The po-
tential related to the fact that MAPPIT operates in living
human cells is illustrated in a screen where the protein
collection is scanned for interactions with the glucocorti-

coid receptor (GR) in its unliganded versus dexametha-
sone-induced activated state. Several proteins were iden-
tified the interaction of which is modulated upon ligand
binding to the GR, including a number of previously re-
ported GR interactors. Finally, the screening technology
also enables detecting small molecule target proteins,
which in many drug discovery programs represents an
important hurdle. We show the efficiency of MASPIT-
based target profiling through screening with tamoxifen, a
first-line breast cancer drug, and reversine, an investiga-
tional drug with interesting dedifferentiation and antitu-
mor activity. In both cases, cell microarray screens
yielded known and new potential drug targets highlight-
ing the utility of the technology beyond fundamental
biology. Molecular & Cellular Proteomics 15: 10.1074/
mcp.M116.061994, 3624–3639, 2016.

Every cellular function is governed by complex and dy-
namic networks of interactions between the proteins that are
encoded by that cell. Therefore, mapping protein-protein in-
teractions (PPIs)1, and their modulation in a changing cellular
context, is an essential step in the characterization of a pro-
tein. Because of their central function in the cell, proteins are
also the main targets for therapeutic intervention. The majority
of marketed drugs act by binding to proteins and modulating
their function. In the case of target-based small molecule drug
discovery approaches, the target protein is a priori known, but
many discovery efforts apply a phenotypic readout, requiring
target identification once hits are identified. In addition, iden-
tification of off-target protein binding is often required to
understand and to alleviate unwanted side-effects of small
molecule leads. Thus, protein interaction analysis is a key
aspect of both fundamental and applied biomolecular
research.
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Protein interactomics is a very active discipline and there is
quite a wealth of PPI methodologies available (reviewed in (1,
2)). The classical yeast two-hybrid and affinity purification-
based technologies still stand out as high-throughput ap-
proaches, but there are many other valuable approaches ex-
hibiting particular features making them attractive tools to
complement the basic PPI network scaffolds the former pro-
duce. To a lesser extent, also for small molecules there is a
range of methods that can be applied to define the protein
target spectrum (reviewed in (3)).

Our group developed the MAPPIT and MASPIT assays for
PPI and small molecule-protein interaction analysis, respec-
tively (4, 5). MAPPIT and MASPIT are complementation as-
says that act through reconstitution of a signaling deficient
cytokine receptor (Fig. 1A, 1B). One of the main assets of
these technologies is that they operate in living mammalian
(human) cells, providing a highly relevant physiological envi-
ronment for analyzing biomolecular interactions. Furthermore,
the native background enables evaluating modulation of pro-
tein interactions triggered by exogenously induced changes in
the cellular environment. Importantly, extensive benchmark-
ing studies have indicated that the assays perform at a similar
or better level than other well established interaction assays
(6–8). The MAPPIT/MASPIT technology platform has been
used extensively for testing interactions with individual pro-
teins or small-scale focused target protein panels (e.g. (9, 10))
and as an orthogonal validation tool in large-scale interac-
tome mapping efforts (e.g. (8, 11, 12)). In addition, we devised
a screening platform for de novo identification of protein
interactions from large proteome-wide target protein collec-
tions, using reverse transfected cell microarrays (13). An initial
microtiter plate-based setup has been successfully applied to
the identification of protein interaction partners of both pro-
teins and small molecules (14–16). To render this platform
compatible with high-throughput screening, we downscaled it
to a microarray format and further expanded the target protein
collection to near proteome-wide scale. In order to evaluate
the efficiency and versatility of the screening approach, we
applied the microarray platform to reveal novel (modulated)
PPIs and to uncover target profiles of approved and investi-
gational drugs.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The human ORFeome v8.1 (17) and
ORFeome Collaboration (18) prey collections were cloned in the
pMG1 vector as described (13). Also the control prey plasmid ex-
pressing unfused gp130 (13), the plasmid encoding the C-terminal
HMGCR prey (19), the STAT3-dependent firefly luciferase reporter
pXP2d2-rPAPI-luciferase (4), pMet7-RNF41-Etag (20), pMet7-Flag-
RNF41 (21), pMet7-Flag-SV40 large T (20), pCLG-DHFR (15),
pCLG-GR (22), and the p(GRE)250hu.IL6P-luc� GRE-luciferase re-
porter plasmid (22) were as described before. The pXP2d2-rPAPI-
mKate2 reporter gene plasmid was generated by replacing the firefly
luciferase sequence in pXP2d2-rPAPI-luciferase (4) with the mKate2
encoding sequence (23). The pMet7-Flag-VPS52, pMet7-VPS52-
Etag, pMet7-Flag-ASB6 and pMet7-Etag-ASB6 constructs were gen-

erated through an LR reaction (Invitrogen, Carlsbad, CA) to transfer
the VPS52 or ASB6 ORF from a Gateway entry clone of the human
ORFeome collection to a previously described pMet7-Flag or pMet7-
Etag destination vector, respectively (21). pMet7-RNF41-Flag was
generated by replacing the Etag coding sequence in pMet7-RNF41-
Etag (20) by the Flag-tag sequence. The pCLG-RNF41(Cys34Ser/
His36Gln) bait expressing plasmid was generated by cloning the
human RNF41 ORF into the previously described pCLG vector back-
bone (24) and the Cys34Ser/His36Gln double mutation was intro-
duced using site directed mutagenesis.

Fusion Compound Synthesis—The chemical synthesis of the TMP
fusion compounds has been reported elsewhere (10).

Cell Microarray Generation and Screening—Production of the mi-
croarray screening plates was based on a previously described pro-
tocol for screening in 384-well microtiter plates with a number of
modifications. A fluorescent reporter gene (pXP2d2-rPAPI-mKate2;
ex/em 588/633) replaced the luciferase reporter. Attractene (Qiagen,
Hilden, Germany) was used as a transfection agent instead of Effect-
ene and fibronectin (Sigma-Aldrich, St. Louis, MO) was added to the
reverse transfection mixtures in order to enhance cell adherence.
Printing was done in tissue culture-treated polystyrene plates with
four rectangular wells (Thermo Scientific, Nunc, Waltham, MA) using
a 2470 arrayer (Aushon Biosystems, Billerica, MA) equipped with a
printhead holding 48 solid pins with 500 �m diameter print surface.

For screening, HEK293T cells, cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum and incu-
bated at 37 °C, 5.5% CO2, were transfected in bulk with the bait or
DHFR anchor plasmid using polyethyleneimine and the cell suspen-
sion was added to the screening plates at 2 � 106 cells/well. Twenty-
four hours later, depending on the screening setup, appropriate wells
were stimulated with 100 ng/ml mouse leptin (Peprotech, Rocky Hill,
NJ), 1 �M dexamethasone (GR MAPPIT screen; Sigma-Aldrich), 0.1
�M TMP-tamoxifen or 0.1 �M TMP-reversine (MASPIT screens). An-
other 48 h later, plates were imaged and fluorescence intensity of
each individual spot was determined using an CellCelector microarray
scanner (Automated Lab Solutions, Jena, Germany).

Fluorescence intensity data were preprocessed prior to their anal-
ysis. Raw microarray data were log-transformed (base 2) after which
an “ANOVA normalization model” was fit that includes terms account-
ing for plate and within-plate effects (25). Subsequently, the residuals,
which represent normalized values, were used as input data to cal-
culate the rank product statistic for each prey in the screen (26).
Having ranked the preys by their rank product, the corresponding p
values were obtained using an algorithm developed by Huskes et al.
(27). In order to cope with the multiple testing problem, the final
selection was based on FDR-adjusted p values (q-values) (28).

MAPPIT and MASPIT Assays—HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, incubated at 37 °C, 8% CO2. Cells were transfected with
the indicated bait and prey plasmids and the pXP2d2-rPAPI-lucifer-
ase reporter plasmids using a standard calcium phosphate transfec-
tion method, as described earlier (13), and luciferase activity was
measured 48 h after transfection using the Luciferase Assay System
kit (Promega, Madison, WI) on an Envision luminometer (PerkinElmer
Life Sciences, Waltham, MA). Stimulations with murine leptin (Pepro-
tech; 100 ng/ml final concentration), dexamethasone (Sigma-Aldrich)
and the TMP fusion compounds were done 24 h after transfection. In
Fig. 3B, scoring was performed as described in (8), yielding detection
and false positive rates of 20 and 2%, respectively: the interaction of
RNF41 with a particular ORF prey was scored positive when the fold
change (average stimulated cells divided by average nonstimulated
cells) was at least nine times higher than that of both control bait-ORF
prey and RNF41 bait-control prey control transfections; when the fold
change of control bait-ORF prey was at least nine times higher than
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that of the control bait-control prey transfection, the interaction was
scored aspecific positive; in all other cases the interaction was scored
negative.

Coimmunoprecipitation—HEK293T cells (1.8 � 106) were seeded
in 90 mm Petri dishes in DMEM with 10% FCS and transfected the
next day with 3 �g of each of the indicated expression constructs.
Two days after transfection, cells were washed with cold PBS and
lysed in lysis buffer containing 50 mM Tris-HCl pH 7.5, 125 mM NaCl,
1.5 mM MgCl2, 0.2% Nonidet P-40, 5% glycerol and Complete Pro-
tease Inhibitor Mixture without EDTA (Roche, Basel, Switzerland)
followed by two freezing rounds of 10 min at �80 °C. Lysates were
incubated overnight at 4 °C with anti-Flag M2 beads (Sigma-Aldrich)
after being pre-cleared with Sepharose 4B beads (GE Healthcare,
Chicago, IL). The beads were then washed 3 times and eluted with
200 �g/ml of 1� flag peptide (Sigma-Aldrich). Loading buffer (5�: 155
mM Tris-HCl pH 6.8, 5% SDS, 20% glycerol, 0.025% Bromphenol
blue, 1.8 M �-mercaptoethanol) was added to each sample. After
boiling, samples were separated on SDS-polyacrylamide gels and
transferred to nitrocellulose membranes (GE Healthcare) which were
probed with monoclonal mouse anti-Etag (GE Healthcare) and rabbit
anti-Flag antibodies (Sigma-Aldrich). Rabbit anti-� actin antibody
(Sigma-Aldrich) was used as a loading control. Secondary goat-anti-
mouse Dylight 680 antibody (Thermo Scientific, Waltham, MA) and
secondary goat anti-rabbit Dylight 800 antibody (Thermo Scientific)
were used for detection. Western blot analysis was performed using the
Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE).

AlphaScreen—HEK293T cells were seeded in six-well plates at a
density of 2 � 106 cells per well in DMEM with 10% FCS. Cells were
cotransfected with 1 �g of the appropriate E- and Flag-tagged ex-
pression vectors and lysed 48 h post transfection in TAP lysis buffer
(50 mM Tris-HCl ph7.5, 125 mM NaCl, 5% glycerol, 0.2% Nonidet
P-40, 1.5 mM MgCl2, 25 mM NaF, 1 mM Na3VO4, and Complete
Protease Inhibitor Mixture without EDTA (Roche)). Alpha screen ex-
periments were performed according to the manufacturer’s protocol
(PerkinElmer). Briefly, lysates were incubated for two hours at 4 °C
with 0.7 �g/ml anti-Etag antibody biotinylated with sulfo-NHS-Biotin
(Thermo Scientific). Equal concentrations (20 ng/ml) of anti-FLAG M2
acceptor beads and Streptavidin donor beads were subsequently
added for another incubation period of 1 h (at 4 °C) and 30 min (at
room temperature) respectively. The samples were transferred in
triplicate into 384-well plates and measured using the EnVision
plate reader (PerkinElmer). Part of the lysate was used to verify
expression of the constructs using mouse anti-Flag antibody
(Sigma-Aldrich), monoclonal mouse anti-Etag antibody (GE Health-
care) and rabbit anti-� actin antibody (Sigma-Aldrich) as a loading
control. SDS-PAGE, and Western blotting were performed as de-
scribed above (Coimmunoprecipitation).

GR Reporter Assay—A549 cells stably transfected with the
p(GRE)250hu.IL6P-luc� GRE-luciferase reporter plasmid were
seeded in 96-well microtiter plates and transfected with 50 nM of each
siRNA using the calcium phosphate precipitation technique as de-
scribed before (22). Three days later, the cells were treated either with
vehicle or with 1 �M Dex for 6 h and luciferase activity was analyzed
using the Luciferase Assay System kit (Promega) on an Envision
luminometer (PerkinElmer). Z-scores were determined as follows: for
each candidate the fold change of the average of the Dex-stimulated
versus vehicle-stimulated values of three technical triplicates was
calculated; for each candidate, this value was normalized against the
one of the nontargeting control siRNA; the z-score of each candidate
was calculated as (x-m)/S.D., where m and S.D. are the average and
the standard deviation of the normalized values of all candidates in a
single experiment, respectively.

RESULTS

Development of a High-density Cell Microarray Screening
Platform for MAPPIT and MASPIT—The MAPPIT and MASPIT
assays require the coexpression of three plasmids: a STAT-
dependent reporter gene plasmid, a plasmid encoding the
protein bait (MAPPIT) or dihydrofolate reductase (DHFR) an-
chor (MASPIT) fusion, and a prey fusion encoding plasmid
(Fig. 1A, 1B). In the cell microarray screening setup, a large
collection of prey fusion proteins is tested in parallel. This
collection is derived from the combined human ORFeome
version 8.1 (17) and ORFeome collaboration (18) collections,
in total covering 14,816 single-colony, fully sequenced, full
size human open reading frames (ORFs). Each prey expres-
sion vector, together with the reporter plasmid, is complexed
with a lipid transfection reagent, cell adhesion molecules and
a number of stabilizing components, and printed on a poly-
styrene plate (Fig. 1C left panel). Microtiter-size plates con-
sisting of four large rectangular wells are used, each well
containing 1728 individual spots, covering 6912 spots in total
per plate. Individual spots are about 500 �m in diameter,
printed at a center-to-center spacing of 750 �m. Importantly,
these arrays can be produced batch-wise off-line, and stored
for several weeks prior to screening.

In order to perform a screen using either the MAPPIT or
MASPIT assay, HEK293T adherent cells are bulk transfected
with the chimeric bait protein (MAPPIT) or the DHFR anchor
fusion (MASPIT), and this cell suspension is spread over the
array and allowed to adhere (Fig. 1C right panel). The cells are
treated with the appropriate stimuli (the cognate cytokine to
activate the bait or DHFR anchor cytokine receptor fusion; a
methotrexate (MTX) or trimethoprim (TMP) fusion compound
in the case of MASPIT; potentially an additional stimulus is
added, the effect of which on the bait interactome is being
evaluated) and left on the array for 3 days. During that time the
cells growing on top of the spots are being reverse trans-
fected with prey and reporter plasmid. In cells coexpressing
an interacting bait-prey pair, cytokine stimulation results in
activation of the fluorescent reporter, which is detected by
automated microscopic imaging. The fluorescence intensity
of each spot is extracted using imaging analysis software
applying a superimposed grid on each well of the array (Fig.
2A). Typically, quadruplicate wells of each tested condition
(e.g. with or without cytokine in the case of MAPPIT, or
cytokine with or without MTX/TMP fusion compound in the
case of MASPIT) are measured. The fluorescence intensity
ratio between the differentially treated spots is calculated and
analyzed using the Rank Product approach in order to gen-
erate a q-value used to sort the interactions (26).

Fig. 2A shows a representative image of a scan of an entire
well. The image magnification centered on individual positive
spots illustrates that the fluorescent signal is confined within
the boundaries of the printed area and that neighboring sig-
nals are spatially well separated. The robustness and repro-
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FIG. 1. MAPPIT and MASPIT assay concept and workflow of the cell microarray screening platform. A, In MAPPIT, the bait protein of
interest (X) is genetically fused to a cytokine receptor which is made signaling-deficient by mutation of signal transducer and activator of
transcription (STAT) recruitment sites (gray dots), whereas the prey protein (Y) is tethered to a portion of a receptor containing intact STAT
docking sites (black dots). Binding of the appropriate cytokine ligand to the chimeric bait receptor induces cross-phosphorylation (P) of the
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ducibility of the microarray printing and screening procedure
is indicated by the limited within and between screen variation
(Fig. 2B).

A MAPPIT Screen Identifies Novel RNF41 Binding Pro-
teins—We first evaluated the microarray screening platform
as a tool for identifying novel PPIs. As bait protein we selected
the RNF41 (also called Nrdp1 or FLRF) RING finger-type E3
ubiquitin ligase. This enzyme coordinates ubiquitin transfer to
specific substrate proteins, this way determining their ubiq-
uitination status. Through this regulatory mechanism it has
been implicated in various signaling pathways, including the
EGFR and TLR signal transduction cascades (29). Our group
previously established that RNF41 also controls the sorting
and processing of a number of JAK2-associated cytokine
receptors, including the leptin, LIF and IL-6 receptors (20, 21).
It does so by modulating the ubiquitination status of USP8,
which in turn regulates ubiquitination and stability of the
ESCRT-0 complex involved in transport of internalized cyto-
kine receptors toward multivesicular bodies for subsequent
degradation in lysosomes. RNF41-dependent ubiquitination
and ensuing destabilization of USP8 results in ESCRT-0 ubiq-
uitination and degradation, abolishing receptor sorting to the
lysosomes. Instead, receptors are recycled to the plasma
membrane leading to enhanced ectodomain shedding by
ADAM proteases (21).

In an ongoing effort to further elucidate this pathway, we
performed a MAPPIT cell microarray screen with the RNF41
bait protein against the current prey collection. Because it
was shown previously that RNF41 is subject to auto-ubiquiti-
nation, we used an RNF41 mutant that carries two mutations
(Cys34Ser/His36Gln) in the RING finger domain, preventing
recruitment of the E2 conjugating enzyme (29). Using the
RNF41 (Cys34Ser/His36Gln) bait, we screened the 15k ORF
prey set, ranked the ORFs according to normalized fluores-
cence signal intensity and applied a combination of predeter-
mined selection thresholds, yielding 189 hits (Fig. 3A). Recur-
rent candidates which were previously identified in MAPPIT

screens with unrelated bait proteins, suggesting that these
bind aspecifically to the MAPPIT bait receptor backbone
rather than to the fused bait protein itself, were filtered out and
the 138 remaining hits were retested in a small scale MAPPIT
experiment (Fig. 3B). Each hit was evaluated in parallel for
interaction with the RNF41 bait and a negative control bait
(E. coli DHFR), in order to allow discrimination of potential
novel RNF41 interaction partners (binding only to the RNF41
bait) from aspecific MAPPIT bait receptor binders (binding to
the DHFR-fused chimera as well). Extensive benchmarking
studies, which involved testing large reference protein-protein
interactions sets (up to 500 literature curated positive and 700
random negative interactions; (7, 8)), allowed establishing
scoring criteria correlated with highly specific and sensitive
MAPPIT analyses. We applied selection thresholds that were
shown to yield a detection rate of around 20% at a false
positive rate of 2%. Under these conditions, 80 (58%) of
the 138 primary screening hits could be confirmed as candi-
date RNF41 binding proteins and 26 (19%) were found to also
interact with the control bait and were therefore classified as
aspecific hits, potentially interacting with a component of the
MAPPIT bait receptor chimera. Taken together, 77% of the
selected hits could be confirmed, validating the robustness of
the microarray screening setup. Among the confirmed hits
were a number of proteins that had been previously reported
to bind to RNF41 (VPS52, RFC4, ENOPH1, ISCA2, TTC1,
ASB6, HOMER2, and ARL6IP4). Because they had been im-
plicated in intracellular protein trafficking, two of these in
particular attracted our attention, VPS52 and ASB6.

VPS52 (Vesicular Sorting Protein 52), the most prominent
hit in the screen, is a subunit of the GARP (Golgi-Associated
Retrograde Protein) retrograde transport complex and the
recently discovered EARP (Endosome-Associated Recycling
Protein) endocytic recycling complex (30, 31). ASB6 (Ankyrin
repeat and Socs Box containing 6) is an E3 ubiquitin ligase
implicated in insulin-dependent degradation of SH2B (also
known as APS) (32), a protein that facilitates Cbl-dependent

constitutively associated Janus kinases (JAKs), this way activating these. Interaction between bait and prey brings both cytokine receptor
fragments into proximity, reconstituting a functional receptor complex. The activated JAKs phosphorylate the tyrosine motifs of the prey
chimaera, enabling recruitment of STAT molecules. These transcription factors are in turn phosphorylated by the JAK kinases, resulting in their
activation and subsequent dissociation and translocation to the nucleus. In the nucleus, STAT dimers activate transcription of a STAT-de-
pendent reporter gene. B, The MASPIT assay is largely similar to MAPPIT, but here the bait is a small organic molecule (asterisk). A fusion
compound consisting of this small molecule linked to either methotrexate (MTX) or trimethoprim (TMP) through a polyethylene glycol spacer
(PEG) is added to and taken up by the cells. By virtue of the high affinity of MTX and TMP for E. coli dihydrofolate reductase (DHFR), the fusion
compound is recruited to the anchor fusion which consists of the DHFR protein (D) being tethered to the same signaling-deficient cytokine
receptor as in the case of the bait in MAPPIT. When a prey protein (Y) interacts with the small molecule bait, the reporter gene is activated as
in MAPPIT. C, Microarray production (left panel): The ORFeome plasmid collection, which is available in Gateway entry vectors, is transferred
to prey destination vectors through recombinatorial cloning. The resulting prey plasmids are individually mixed with a fluorescence reporter
plasmid, transfection reagent and a number of additional agents. These reverse transfection mixes are then printed on polystyrene plates, dried
and stored until needed for screening. Microarray screening (right panel): Cells are transfected in bulk with the desired bait fusion plasmid
(MAPPIT) or the DHFR anchor plasmid (MASPIT) and added to the microarray plates. and the cognate cytokine is added to the appropriate
wells, depending on the stimulation schedule. One day later, cells are treated with the appropriate stimuli: depending on the assay (MAPPIT
or MASPIT) and the experimental setup (screen in standard conditions or comparing two physiological states), wells are either left untreated
or treated with cytokine, fusion compound or additional stimuli. Next, cells are grown for another 2 days until the plates are scanned using a
fluorescence imager.
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ubiquitination and subsequent internalization of the insulin
receptor (IR) (33). Binding of both proteins to RNF41 had not
been formally established, but the interactions had been iden-

tified in a large-scale yeast two-hybrid screen (8). We therefore
set out to confirm binding of VPS52 and ASB6 with RNF41
applying two orthogonal interaction methods. Using Al-

FIG. 2. Quality and performance of the cell microarray screening approach. A, Microscopic image of a microarray sample. Left panel:
example of the imaging output of a whole well containing 1728 spots screened with the GR bait and stimulated with leptin. The individual regions
of interest (ROI) for which the fluorescence signal is measured are indicated as red circles. Constitutive positive controls are present at the lower
left (2 series of 6 replicates) and upper right (1 series of 6 replicates). Scale bar: 1 mm. Upper right panel: magnification of the region indicated by
the white rectangle in the lower left panel. Scale bar: 1 mm. Lower right panels: fluorescence (left) and bright field (right) image of the area indicated
by the white rectangle in the upper right panel. Individual spots are covered by �500 cells. Scale bar: 250 �m. B, Dot plot showing the correlation
between technical and biological replicates of a microarray well. The integral fluorescence intensity of the 1728 spots from a well corresponding
to a microarray plate screened with the DHFR anchor bait and stimulated with leptin was compared with the fluorescence signal of the spots from
a replicate well in the same (within screen variation, left panel) or a separate independent (between screen variation, right panel) screen that had
been similarly stimulated. Pearson’s correlation coefficient (R) is indicated. See supplemental Table S1 for raw data.
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FIG. 3. A MAPPIT cell microarray screen identifies known and novel RNF41 interaction partners. A, The 15k ORF prey collection was
screened with the RNF41(Cys34Ser/His36Gln) bait chimera, for each ORF yielding quadruplicate samples for both the stimulated (�leptin) and
the unstimulated (-leptin) condition. The Y-axis represents the log transformed q-value calculated using the rank product statistical test on the
ratio of the fluorescence integral intensity of normalized stimulated versus unstimulated samples (see Experimental Procedures for details). On the

Proteome-scale Binary Interactomics in Human Cells

3630 Molecular & Cellular Proteomics 15.12



phaScreen (Amplified Luminescent Proximity Homogeneous
Assay; PerkinElmer), a bead-based proximity assay, we ob-
tained a strong and specific signal for both interactions (Fig. 3C).
The interactions were corroborated using classic coimmuno-
precipitation (Fig. 3D). These data suggest that RNF41 can
engage in a genuine interaction with VPS52 and ASB6. Further
research on the functional implications of these interactions is
currently ongoing (Masschaele et al., in preparation; De Ceun-
inck et al., in preparation).

MAPPIT Microarray Screening Uncovers Dexamethasone-
modulated Glucocorticoid Receptor Interactions—One of the
main advantages of MAPPIT compared with yeast-based
two-hybrid assays or classic in vitro interaction assays is that
it operates in intact mammalian (human) cells, which allows
evaluating biological interactions under different physiological
conditions. For example, a bait protein of interest can be
scanned for binding partners in different activation states,
induced by addition of its cognate ligand.

To explore this opportunity, we performed a MAPPIT mi-
croarray screen to identify glucocorticoid receptor (GR) bind-
ing proteins for which the interaction was up- or downregu-
lated upon addition of dexamethasone, a commonly used
synthetic ligand of this steroid receptor. In unliganded state,
the GR resides in the cytoplasm, complexed with various
chaperone proteins such as the heat shock proteins Hsp70
and Hsp90, which maintain the receptor in its proper inactive
conformation. Upon binding of a steroid ligand, these chap-
erones are released and the activated GR travels to the
nucleus, where it engages with coactivator or -repressor
proteins or other transcription factors to regulate gene tran-
scription which will result in an anti-inflammatory outcome
(34).

The ORF prey collection was screened in cells expressing
the GR bait and differentially stimulated with dexamethasone.
For 20 ORFs the interaction with GR was found to be up-
regulated, 29 proteins were identified as candidate down-

regulated GR interaction partners (Fig. 4A). Evaluation in
MAPPIT retests confirmed 14 and 10 up- and downregulated
hits, respectively (Fig. 4B). To further corroborate these find-
ings, selected interactions were subject to a dexamethasone
concentration gradient, confirming a dose-dependent re-
sponse for these ORF preys in MAPPIT interaction tests (Fig.
4C). Interestingly, among the confirmed hits were a number
of known GR binding proteins, including HSP90AA1,
HSP90AB1, NR0B1, and NR0B2. As expected for the chap-
erones, interaction with the Hsp90 proteins was lost upon
treatment with dexamethasone. Consistent with previous re-
ports, the interaction of GR with the NR0B1 and NR0B2
transcriptional corepressors is strongly induced upon dexa-
methasone stimulation of the GR bait expressing cells (35,
36). Next, selected GR interaction partners were validated in a
functional GR transactivation assay. The effect of siRNA-
mediated knock-down for a number of the GR binders was
evaluated in an A549 cell line that endogenously expressed
GR and had been engineered with a GRE-luciferase reporter
consisting of the GR response element (GRE) fused to a firefly
luciferase gene (Fig. 4D). Luciferase signals were normalized
against the effect of a nontargeted control siRNA. As a pos-
itive control, an siRNA directed against the GR was included.
As expected, GR knock-down resulted in a negative z-score,
indicative of reduced dexamethasone-induced GRE reporter
activity. Silencing of the selected candidates resulted in pos-
itive scores, suggesting that these proteins act as corepres-
sors. The most significant effect on GR transactivation activity
was observed for STRN3 (Striatin-3), a scaffold protein in-
volved in organizing a variety of signaling complexes across
different cellular processes (37). Detailed analysis of the im-
plications of STRN3 binding on GR signaling pointed out that
this protein recruits a phosphatase to the GR complex, result-
ing in GR dephosphorylation, this way suppressing GR medi-
ated transactivation (Petta et al., in preparation).

x-axis, the ratio of the median value of the fluorescence particle count of stimulated versus unstimulated samples is depicted. Thresholds of
10�10 and 2 were applied to the integral intensity and particle count parameters, respectively, as these result in high specificity (low false
positive rate) based on previous screening experiments (gray lines). Previously reported RNF41 binding proteins are indicated. See supple-
mental Table S2 for raw data. B, ORF preys that scored positive in the primary screen (138) were re-evaluated by testing their interaction with
either the RNF41(Cys34Ser/His36Gln) or a negative control bait (E. coli DHFR) in MAPPIT. The fold induction of the average luciferase activity
of triplicate leptin-stimulated versus unstimulated samples for either bait is shown. Applying a set of previously defined criteria for sensitive and
specific MAPPIT analysis (see text for more details), signals were scored negative (-; gray) or positive (�). Positive signals were further
categorized as corresponding with an aspecific interaction (red), where the ORF prey binds to a component of the MAPPIT bait chimera rather
than the RNF41 bait (as deduced from the fact that it also generates a signal when combined with the control bait), or an RNF41-specific
interaction (green). Signals corresponding with known RNF41 binders are indicated in dark green, those from potentially novel RNF41
interacting proteins in light green. C, The interaction between RNF41 and both VPS52 and ASB6 was confirmed in an AlphaScreen assay.
HEK293T cells were transiently cotransfected with plasmids encoding E-tagged VPS52 or ASB6 and FLAG-tagged RNF41 or FLAG-tagged
SV40 large T (SVT) as a negative control and signals were detected using the AlphaScreen FLAG detection kit. The average of triplicate
samples is shown; error bars represent S.D. Expression of E-and FLAG-tagged proteins was confirmed by Western blotting (bands
corresponding with SV40 Large T and RNF41 are indicated by arrowheads), and �-actin was stained as a loading control. D, Coimmu-
noprecipitation analysis confirms binding of VPS52 and ASB6 to RNF41. HEK293T cells were transiently cotransfected with E-tagged
RNF41 and Flag-tagged VPS52, ASB6 or SV40 Large T (SVT) as a negative control. Anti-Flag immunoprecipitates and total lysates were
visualized with anti-Etag and anti-Flag antibodies (bands corresponding with SV40 Large T, VPS52 and ASB6 are indicated by
arrowheads). �-actin was stained as a loading control.
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FIG. 4. Identification of dexamethasone-modulated interactions with GR in a MAPPIT cell microarray screen. A, The ORF prey
collection was screened with the GR bait, with quadruplicate samples of both cell treatments: leptin and 1 �M dexamethasone costimulated
and leptin only stimulated. Data was analyzed as described in Fig. 3A for up- (left panel) and downregulated signals (right panel), the upper right
quadrant containing the candidate hits (20 up- and 29 downregulated candidates). Interacting proteins, the modulated binding to GR of which
was confirmed in MAPPIT confirmation experiments (Fig. 4B), are indicated. See supplemental Table S3 for raw data. B, ORF preys selected
upon application of the preset thresholds (q�10�10; ratio median value particle count�2) were re-evaluated for dexamethasone-modulated
binding in MAPPIT. Cells coexpressing the GR bait and the indicated ORF preys were stimulated with leptin alone or leptin
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Known and Novel Targets of Tamoxifen and Reversine Are
Detected Through MASPIT Cell Microarray Screening—The
utility of the screening platform extends beyond protein-pro-
tein interactions, as it also enables identification of new target
proteins of small molecules through MASPIT. To evaluate the
efficiency of the new cell microarray setup toward this appeal-
ing application, we screened two molecules that had previ-
ously been validated in MASPIT using known targets, tamox-
ifen and reversine (10, 15).

Tamoxifen is a selective estrogen receptor (ER) antagonist
that has been in the clinic as part of the standard therapy for
treatment of ER-positive breast cancer since the seventies
(38). The ER is overexpressed in the majority of breast carci-
nomas, driving transcription of cell cycle-related genes and
downregulating anti-proliferative and pro-apoptotic genes
(39). Tamoxifen acts as a competitive antagonist of binding of
endogenous estrogen hormone ligands, this way preventing
pro-tumorigenic gene transcription. Interestingly, tamoxifen
also exhibits cytotoxic effects in ER-negative cells by directly
inducing apoptosis (40, 41). To date, the mechanism under-
lying tamoxifen’s pro-apoptotic effects in these cells and the
target proteins involved have not been identified, making it an
attractive case to evaluate our target profiling approach.

Based on the well-defined structure-activity relationship
(SAR) described in the literature, we previously synthesized a
tamoxifen TMP fusion and confirmed its binding in MASPIT to
ER1 (or ER�), the ER isoform associated with the majority
of breast cancer cases (10). The 15k ORF collection was
screened with 0.1 �M TMP-tamoxifen, yielding 13 hits (Fig.
5A). Hits were cherry-picked and evaluated in small-scale
MASPIT experiments, validating 5 of these (Fig. 5B). Next, we
tested the interactions with a concentration gradient of the
tamoxifen fusion compound, resulting in a dose-dependent
MASPIT response for each of the targets and EC50 values in
the nanomolar range (Fig. 5C). In order to evaluate specificity
of target binding, we tested combinations of the ORF preys
with fusion compounds corresponding to unrelated small
molecule baits (reversine and simvastatin), confirming that
only tamoxifen binds with the identified targets (Fig. 5D).

Among the validated hits was panthotenate kinase 3
(PANK3), which had been previously identified as a target of
tamoxifen in in vitro high-throughput screens for PANK3 in-

hibitors and activators (42). PANK3 catalyzes the rate-limiting
step in Coenzyme A (CoA) biosynthesis, and tamoxifen bind-
ing was found to interfere with binding of acetyl-CoA, this
way preventing acetyl-CoA-mediated feedback inhibition of
PANK3 enzymatic activity. HSD17B4, another confirmed hit,
is a 17� hydroxysteroid dehydrogenase involved in the me-
tabolism of estradiol, the endogenous ER ligand. Earlier re-
ports have described tamoxifen binding to this enzyme, albeit
with very low affinity, in the high micromolar range (43). Inter-
estingly, HSD17B4 was also identified in a tamoxifen screen
using Virotrap, a novel mammalian protein complex trapping
method in which protein or small molecule target complexes
are captured in virus-like particles prior to analysis by mass
spectrometry (44).

A second small molecule we evaluated in the screening
platform is reversine, a purine analog identified from a com-
pound library built around kinase-directed scaffolds in a phe-
notypic screen for dedifferentiation of mouse myoblasts (45).
There is a high therapeutic potential associated with mole-
cules that induce dedifferentiation of somatic cells, as this
would allow generating reprogrammed adult cells to use for
repair of damaged tissues. Several studies have been pub-
lished on the proteins that mediate the dedifferentiating effect
of reversine, and—as anticipated in view of the nature of the
screened library—most of these are kinases (46–49). In ad-
dition to its dedifferentiating properties, reversine has also
been shown to exhibit potent antitumor activity in a number of
cancer models (47, 50–52). As for both effects of the molecule
the exact mechanism of action remains to be established, we
decided to screen for novel target proteins. As in the case of
tamoxifen, we had previously generated a TMP-reversine fu-
sion and MASPIT analysis had confirmed its binding to TTK,
one of the reported kinase targets (10). We screened the 15k
ORF collection with 0.1 �M TMP-reversine and obtained
seven hits (Fig. 6A), and four of these could be confirmed in
follow-up MASPIT experiments (Fig. 6B). Dose-response
analysis enabled assigning EC50 values to the interactions,
which—as in the case of tamoxifen—were in the nanomolar
range (Fig. 6C). Cross-testing with unrelated fusion com-
pounds (TMP-tamoxifen and TMP-simvastatin) established
that these interactions were specific for the reversine fusion
compound (Fig. 5D). TTK, which is considered the primary

combined with 1 �M dexamethasone. Three independent experiments were performed and the fold induction (for up-regulated GR binders; left
panel) or fold repression (for downregulated GR binders; right panel) was calculated as the average luciferase activity of leptin�dexamethasone
treated versus leptin only treated (for up-regulated GR binders) or leptin only treated versus leptin�dexamethasone treated (for downregulated
GR binders) samples. Error bars represent S.E. An empty prey (unfused gp130) was taken along as a control and used to compare data with
applying a two-tailed Student’s t test (*: p � 0.05; **: p � 0.01; ***: p � 0.001). C, Dose-dependent modulation of the GR interaction of selected
ORF preys was tested in MAPPIT. Cells coexpressing the GR bait and the indicated ORF preys were stimulated either with leptin alone or with
leptin and dexamethasone in a concentration gradient from 0.001 to 10 �M. The bars indicate the fold induction (for up-regulated GR binders;
left graph) or fold repression (for downregulated binders; right graph) as in B, calculated using the average of triplicate samples. Error bars
represent S.D. D, Functional effect of silencing of selected GR interaction partners in A549 cells. A549 cells harboring the GRE-luc
GR-responsive reporter were transfected with siRNA specific for the indicated proteins and treated either with vehicle or with 1 �M

dexamethasone before measuring luciferase activity. Controls include a nontargeting siRNA (neg ctrl) and an siRNA for GR (GR ctrl). Each
condition was performed in triplicate. The graph represents the z-score [(x-m)/S.D.)] of three independent experiments.
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target kinase of the molecule (48), was among the confirmed
hits. Interestingly, the EC50 value obtained in the MASPIT
dose-response assay (2.8 nM) matches the IC50 reported
based on an in vitro kinase assay using the full-size protein
(36). The top hit corresponds to NQO2, a cytoplasmic quinone
oxidoreductase which was also identified as a reversine target
in a recent Virotrap screen (44). Notably, NQO2 was also
found to be targeted by imatinib and nilotinib, two marketed
drugs for the treatment of chronic myelogenous leukemia (53).
Several lines of evidence indicate that inhibition of NQO2
might contribute to the antitumoral effect of these drugs. It will
be interesting to see whether the same is true for reversine.
The two remaining hits obtained in the reversine cell microar-
ray screen, NUAK1 and CSNK1G2, are both kinases, consist-
ent with the origin and nature of the compound.

DISCUSSION

In this study we describe the development and validation of
a highly miniaturized screening platform for the identification
of novel protein interactors of both proteins and small mole-
cules using MAPPIT and MASPIT. Even though these are
mammalian cell-based assays, which are typically less ame-
nable to high-throughput applications than most in vitro or
Y2H assays, the approach allows testing thousands of target
proteins in parallel, with short overall timelines and requiring
little hands-on time. Despite the high density of the arrays,
signals are robust and reproducible, resulting in a reliable
primary screening output and high confirmation rates. The
identification of previously described interacting proteins and
the confirmation of selected interactions with orthogonal
methods validated the screening results.

The different applications described here illustrate the ver-
satility of the screening platform. The interactome of a desig-
nated protein of interest can be determined efficiently, as
such enabling “pathway walking” where serial identification of
novel binding proteins supports signal transduction pathway
mapping. The identification of RNF41 interaction partners is
an example of such an approach: RNF41 itself was found an
interaction partner of the leptin receptor complex in a MAPPIT
screen (20), we here report the identification VPS52 and ASB6
as RNF41 binding proteins, and the analysis of additional

MAPPIT screens to identify downstream interactors is cur-
rently ongoing (Masschaele et al., in preparation; De Ceuninck
et al., in preparation). Apart from mapping the basic interac-
tome of a protein, we showed that also dynamic aspects of
the interaction pattern of a particular bait can be captured at
this scale. As this type of information is in most cases not
possible to obtain using in vitro methods or cellular assays
that operate in lower eukaryotes (e.g. yeast two-hybrid), this
represents one of the important assets of the technology. The
cost efficiency of the method allows performing such studies
at a scale that has been hitherto unattainable. For example, a
network of proteins involved in endocytosis is currently being
compiled by screening close to a hundred bait proteins that
have been implicated in this trafficking process, both in stand-
ard conditions and under conditions where autophagy is in-
duced by addition of rapamycin (Lemmens, Vauthier et al., in
preparation).

A major application of the cell microarray screening ap-
proach is small molecule target profiling using MASPIT. Tar-
get deconvolution is a significant bottleneck in the drug dis-
covery industry, both for detection of on-target binding in
phenotypic screening and for identification of off-target bind-
ing sites in efforts to minimize toxicity-related attrition during
drug development (54). To date, chemoproteomics ap-
proaches are often being applied, where small molecule tar-
gets are identified from cell lysates using mass spectrometry.
Although state-of-the art mass spectrometers are exception-
ally sensitive, low endogenous expression of the target pro-
tein or disruption of target binding because of cell lysis are
common issues related to failure to recover relevant candi-
date target proteins. Expression-based trapping methods,
such as yeast three-hybrid and MASPIT as a mammalian
variant, have shown to be valuable alternatives. A modified
yeast three-hybrid approach which was used to profile a
number of clinically approved drugs was developed by the
Johnsson group (55). We previously established the utility of
MASPIT to identify known and novel targets of a number of
kinase inhibitors, using a cDNA library screening platform (5).
By combining MASPIT with the current cell microarray format,
we now have access to a platform at a scale and throughput
that enables application at industry level. The featured

FIG. 5. A MASPIT cell microarray screen detects tamoxifen target proteins. A, A MASPIT ORF screen was performed in which
quadruplicate wells of each screening plate were differentially treated with either leptin alone or leptin combined with 0.1 �M TMP-tamoxifen
fusion compound. Data was analyzed as described in Fig. 3A. Interacting proteins confirmed in MASPIT retests are indicated. See
supplemental Table S4 for raw data. B, MASPIT retest of the hits selected using the standard selection thresholds (q�10�10; ratio median value
particle count�2). Cells coexpressing the DHFR anchor fusion and the indicated ORF preys were stimulated with leptin alone or leptin
combined with 0.1 �M TMP-tamoxifen. Fold induction of the average luciferase activity of triplicate samples in three independent
experiments is shown. Error bars represent S.E. An empty prey (unfused gp130) was taken along as a control and used to compare data
with applying a two-tailed Student’s t test (*: p � 0.05; **: p � 0.01; ***: p � 0.001). C, MASPIT dose-response curves for the confirmed
hits. Cells coexpressing the DHFR anchor protein and the indicated ORF preys were stimulated either with leptin alone or with leptin and
the indicated concentration of TMP-tamoxifen. Data points depict fold induction of the average luciferase activity of triplicate samples.
Error bars represent S.D. Curves were fit using 4-parameter nonlinear regression in GraphPad Prism and calculated EC50 values are
indicated. D, MASPIT specificity test. Cells coexpressing the DHFR anchor fusion and the indicated ORF preys were stimulated with leptin
or leptin combined with 0.1 �M of the indicated TMP fusion compounds. Bars represent fold induction of the average luciferase activity
of triplicate samples, error bars represent S.D.
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FIG. 6. Known and new reversine targets identified in a MASPIT cell microarray screen. A, A MASPIT microarray screen was performed
in which quadruplicate wells of each screening plate were treated with either leptin alone or leptin combined with 0.1 �M TMP-reversine. Data
was analyzed as described in Fig. 3A. Interacting proteins confirmed in MASPIT retests are indicated. See supplemental Table S5 for raw data.
B, MASPIT retest of the hits selected using the standard selection thresholds (q�10�10; ratio median value particle count �2). Cells
coexpressing the DHFR anchor fusion and the indicated ORF preys were stimulated with leptin alone or leptin combined with 0.1 �M

TMP-reversine. Fold induction of the average luciferase activity of triplicate samples in three independent experiments is shown, error bars
represent S.E. An empty prey (unfused gp130) was taken along as a control and used to compare data with applying a two-tailed Student’s
t test (*: p � 0.05; **: p � 0.01; ***: p � 0.001). C, MASPIT dose-response curves for the confirmed hits. Cells coexpressing the DHFR anchor
protein and the indicated ORF preys were stimulated either with leptin alone or with leptin and the indicated concentration of TMP-reversine.
Data points depict fold induction of the average luciferase activity of triplicate samples. Error bars represent S.D. Curves were fit using
4-parameter nonlinear regression in GraphPad Prism and calculated EC50 values are indicated.
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screens for targets of tamoxifen and reversine illustrate the
efficiency of the approach. The excellent separation between
background signals and candidate hits in the primary screen
obviates the need for extensive hit retesting and warrants high
confirmation rates. Beyond screening, the MASPIT assay al-
lows for simple dose-response analysis and affinity determi-
nation. Although screening and confirmation of small mole-
cule bait fusions is rapid and straightforward, the rate-limiting
step is the synthesis of the TMP (or MTX) fusions. Although we
streamlined fusion compound synthesis as much as possible
through the development of an efficient click chemistry-based
route (10, 15), in the absence of a generic methodology for
small molecule derivatization this essentially requires a case-
by-case approach.

A more general limitation of the technology, which applies
to both small molecule and protein interaction screening,
relates to the bait configuration. The fact that the bait fusion
protein (or DHFR anchor fusion protein in the case of MASPIT)
is inserted in the plasma membrane precludes detection of
interactions with proteins that are located exclusively in the
nucleus or other cellular compartments, or with integral mem-
brane proteins. In order to extend the technology platform to
cover also transmembrane proteins, which constitute a sig-
nificant portion of the proteome, we recently devised an al-
ternative assay, KISS for Kinase Substrate Sensor, that is
compatible with this protein class (19). Implementing this
assay in the microarray setup will be a next step in expanding
the screening platform.

By combining different assays, we expect to broaden the
coverage of interactions that can be detected. It is important
to keep in mind that every method can only detect a subset of
potential interactions. This was clearly illustrated in the
benchmarking study of Braun et al. (7), where a fixed refer-
ence set of positive and negative PPIs was evaluated with a
panel of interaction assays, including MAPPIT and yeast two-
hybrid. Each method was found to detect around 30% of the
positive reference set, and the detected subset overlapped
only partially between the different methods. Probably steric
or topological requirements related to the configuration of the
assay components determine whether a specific interaction
can or cannot be detected using a particular assay. We know
that this is also the case for MAPPIT and MASPIT. For exam-
ple, the MASPIT screen for tamoxifen targets failed to detect
the primary target ER1, although it is present in the 15k ORF
collection. We have found out that tamoxifen binding to ER1
can be detected readily with MASPIT only in the configuration
where the gp130 cytokine receptor portion is fused at the C
terminus of the protein (10). Tethering of gp130 at the N
terminus, which is the standard configuration applied in the
15k ORF prey collection, yields a weak signal for the tamox-
ifen-ER1 interaction (15), below the detection threshold ap-
plied in the microarray screening setup. This observation in-
dicates that for this particular interaction, detection in MASPIT
is hampered by a fusion at the N terminus of the target

protein. The scale of the microarray setup now allows ex-
panding coverage by including both N- and C-terminal ORF
fusions.

In conclusion, through the cell microarray technology we
have turned the well validated MAPPIT and MASPIT assays
into a versatile high-throughput platform for protein interac-
tion analysis. As the platform will further grow by integrating
newer versions of the expanding ORFeome collection as well
as collections focused on alternative protein isoforms and
protein subdomains, its coverage of the proteome will con-
tinue to extend. Through its sensitivity and robustness, we
believe the platform will prove to be a valuable tool for both
basic and applied biomedical research.
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