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ABSTRACT

When expressed alone at high levels, the human adenovirus E4orf4 protein exhibits tumor cell-specific p53-independent toxic-
ity. A major E4orf4 target is the B55 class of PP2A regulatory subunits, and we have shown recently that binding of E4orf4 inhib-
its PP2A®*° phosphatase activity in a dose-dependent fashion by preventing access of substrates (M. Z. Mui et al., PLoS Pathog
9:€1003742, 2013, http://dx.doi.org/10.1371/journal.ppat.1003742). While interaction with B55 subunits is essential for toxicity,
E4orf4 mutants exist that, despite binding B55 at high levels, are defective in cell killing, suggesting that other essential targets
exist. In an attempt to identify additional targets, we undertook a proteomics approach to characterize E4orf4-interacting pro-
teins. Our findings indicated that, in addition to PP2A®*> subunits, ASPP-PP1 complex subunits were found among the major
E4orf4-binding species. Both the PP2A and ASPP-PP1 phosphatases are known to positively regulate effectors of the Hippo sig-
naling pathway, which controls the expression of cell growth/survival genes by dephosphorylating the YAP transcriptional co-
activator. We find here that expression of E4orf4 results in hyperphosphorylation of YAP, suggesting that Hippo signaling is
affected by E4orf4 interactions with PP2A®>> and/or ASPP-PP1 phosphatases. Furthermore, knockdown of YAP1 expression was
seen to enhance E4orf4 killing, again consistent with a link between E4orf4 toxicity and inhibition of the Hippo pathway. This
effect may in fact contribute to the cancer cell specificity of E4orf4 toxicity, as many human cancer cells rely heavily on the Hippo
pathway for their enhanced proliferation.

IMPORTANCE

The human adenovirus E4orf4 protein has been known for some time to induce tumor cell-specific death when expressed at high
levels; thus, knowledge of its mode of action could be of importance for development of new cancer therapies. Although the B55
form of the phosphatase PP2A has long been known as an essential E4orf4 target, genetic analyses indicated that others must
exist. To identify additional E4orf4 targets, we performed, for the first time, a large-scale affinity purification/mass spectrometry
analysis of E4orf4 binding partners. Several additional candidates were detected, including key regulators of the Hippo signaling
pathway, which enhances cell viability in many cancers, and results of preliminary studies suggested a link between inhibition of
Hippo signaling and E4orf4 toxicity.

During infection by human adenovirus, the E4orf4 protein
product is believed to enhance replication at least in part by
introducing novel substrates to protein phosphatase 2A (PP2A)
through interactions with one of its major classes of binding part-
ners, the B55 family of PP2A regulatory subunits (1-6). However,
when expressed alone at high levels, E4orf4 induces the selective
p53-independent death of a variety of human tumor cells (7-21)
and is toxic in the yeast Saccharomyces cerevisiae (22-29). Killing
of cancer cells by E4orf4 is dose dependent and resembles apop-
tosis in some cell lines, but it seems to occur by mitotic catastrophe
in others (8-13, 15, 30, 31). Recent studies by our group in H1299
human carcinoma cells suggested that E4orf4 expression delays or
inhibits transit through mitosis and completion of cytokinesis
(32), resulting in an accumulation and death of both G,-arrested
diploid and tetraploid cells due to an inability to initiate new
rounds of DNA synthesis (21).

This induction of cell death is highly dependent on interactions
with the PP2A B55/Cdc55 regulatory subunits (1, 10, 14, 16, 22—
28, 31, 33-35). PP2A holoenzymes exist as heterotrimers com-
posed of a catalytic C subunit, an A subunit scaffold, and a B
regulatory subunit that determines intracellular localization and
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substrate specificity (36-39). PP2A functions vary extensively
(40-45), due in large part to the 15 or so mammalian B subunits,
which have been divided into three structurally divergent classes,
designated B/B55, B'/B56, and B”, as well as B” striatin/SG2NA
(42, 46). Our group found that E4orf4 interacts solely with the
B/B55 family (14), and more recent studies showed that E4orf4
associates with the B55a subunit in a region believed to be in-
volved in substrate binding (1, 35). Moreover, we have proposed

Received 29 December 2014 Accepted 5 June 2015
Accepted manuscript posted online 17 June 2015

Citation Mui MZ, Zhou Y, Blanchette P, Chughtai N, Knight JF, Gruosso T,
Papadakis Al, Huang S, Park M, Gingras A-C, Branton PE. 2015. The human
adenovirus type 5 E4orf4 protein targets two phosphatase regulators of the
Hippo signaling pathway. J Virol 89:8855-8870. doi:10.1128/JV1.03710-14.

Editor: M. J. Imperiale

Address correspondence to Philip E. Branton, philip.branton@mcgill.ca.
A-CG.and P.EB. are co-last authors.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03710-14

jviasm.org 8855


http://dx.doi.org/10.1371/journal.ppat.1003742
http://dx.doi.org/10.1128/JVI.03710-14
http://dx.doi.org/10.1128/JVI.03710-14
http://jvi.asm.org

Mui et al.

that E4orf4 acts much like an inhibitory pseudosubstrate for
PP2AP*** when expressed at high levels, preventing interactions
with and dephosphorylation of substrates such as p107 (1) and
inducing cell death by preventing dephosphorylation of key sub-
strates required for cell viability (6, 14). Previous studies by our
group and others indicated that such binding to B55 PP2A sub-
units is essential for E4orf4 toxicity (16, 26, 34, 35), as E4orf4
mutants that are defective in B55« binding (we refer to them as
class I mutants) also are defective in cell killing (10). However,
members of another class of E4orf4 mutants exist that also are
defective for cell killing, even though they bind high levels of B55a
(10) (we refer to these as class II mutants), suggesting that B55a
binding is necessary but not sufficient for E4orf4 toxicity and that
other essential targets exist.

About 90% of all phosphoserine/phosphothreonine phospha-
tase activity in mammalian cells can be attributed to PP2A and the
protein phosphatase 1 (PP1) families of enzymes (38, 46). Unlike
heterotrimeric PP2A, the three PP1 catalytic C subunits either can
form heterodimeric complexes directly with substrates or employ
PP1-interacting proteins to provide additional substrate-binding
capacity or to direct the enzyme to unique substrate-containing
cell compartments (47). One class of PP1-interacting species is the
ASPP (apoptosis-stimulating of p53 protein) family of regulatory
proteins (48, 49). ASPP proteins initially were discovered based on
their interactions with p53 and with Bcl2 and their stimulation of
apoptosis (50-52); however, they also form complexes with PP1,
for which they are now considered regulatory subunits (53), and
associate with the oncogene YAP (Yes-associated protein), an im-
portant transcriptional coactivator (54, 55). Both PP2A and
ASPP-PP1 have been implicated in the regulation of several ele-
ments of the Hippo signaling pathway that regulates expression of
genes involved in proliferation and cell death (55-61).

The Hippo pathway, originally discovered as a signal transduc-
tion pathway involved in the regulation of organ size in Drosophila
melanogaster, plays an integral role in tissue homeostasis and re-
generation, as well as cell differentiation (62, 63). At the heart of
the canonical Hippo pathway is an evolutionarily conserved sig-
naling cascade comprised of Mstl and Mst2 (Mst1/2) kinases
(gene names STK4 and STK3), coupled to the WW45 cofactor
(gene name SAVI), and downstream kinases Latsl and Lats2
(Lats1/2), coupled to the Mobl cofactor (genes MOBIA and
MOBIB). Once activated by Mstl1/2 phosphorylation, Lats1/2
phosphorylate the homologous transcriptional coactivators YAP
and TAZ (transcriptional coactivators with PDZ-binding motif).
Phosphorylated forms of YAP/TAZ are sequestered in the cyto-
plasm through 14-3-3 protein binding and/or proteasomal degra-
dation, keeping these transcriptional coactivators away from nu-
clear transcription factors which otherwise would result in the
transcription of genes involved in cell growth and proliferation
(64-68). Interestingly, both PP2A and ASPP-PP1 complexes are
known as key regulators of Hippo signaling, in part through de-
phosphorylation of YAP/TAZ, leading to their translocation to the
nucleus and activation of TEAD-dependent transcription of cell
growth/survival genes (60, 61, 69).

To date, several E4orf4 interacting partners besides PP2A have
been reported and, in some cases, suggested to contribute to
E4orf4-induced cell death, including c-Src (12, 18, 31, 70-74), the
ATP-dependent chromatin-remodeling factor ACF (3), the
NTPDASE4 gene product Golgi UDPase (20, 29), and Nup 205
(2). In an attempt to discover more E4orf4 binding partners, we
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performed affinity purification/mass spectrometry (AP-MS) us-
ing both wild-type E4orf4 and class I and class II E4orf4 mutants.
Results from this analysis led to the discovery of many candidates
in addition to PP2A%%, most notably all of the ASPP-PP1 sub-
units. Binding of the ASPP-PP1 subunits was decreased with the
class IT mutants. Further, we report that expression of E4orf4 re-
duces dephosphorylation of YAP and knockdown of YAPI en-
hances E4orf4 toxicity, potentially implicating effects on Hippo
signaling in E4orf4 toxicity

MATERIALS AND METHODS

Affinity purification/mass spectrometry (FLAG AP-MS). Wild-type
(WT), class I (R81A/F84A), and class II (L54A and K88A) (10) coding
sequences were cloned in frame in the EcoRI and Xhol sites of pcDNA5/
FRT/TO-FLAG (75) and stably expressed in tetracycline-inducible Flp-In
T-REx HEK293 cells (Invitrogen) as previously described (76). Briefly,
E4orf4 was affinity purified, alongside a set of four negative controls (ex-
pressing FLAG only), in at least biological duplicates. The two sets of data
from the wild type and R81A/F84A mutants represent experiments for the
indicated bait, which were performed roughly 8 months apart (each of
which consisted of biological duplicates). Tryptic peptides were analyzed
by reversed-phase liquid chromatography coupled to mass spectrometry
on an Orbitrap Velos or Orbitrap Elite (Thermo Scientific) mass spec-
trometer equipped with a nanospray ion source (Proxeon Biosystems).
The high-performance liquid chromatography (HPLC) program deliv-
ered an acetonitrile gradient over 145 min, and the data were acquired in
CID mode (centroid) in a data-dependent manner with MS/MS on the 10
most abundant parent ions (isolated species were put on an exclusion list
for 30's).

RAW mass spectrometry files were converted to mzXML using
ProteoWizard (3.0.4468) (77) and analyzed using the iProphet pipeline
(78) implemented within the ProHits Laboratory Information Manage-
ment System (79) as follows. The database consisted of the human and
adenovirus complements of the RefSeq protein database (version 57) sup-
plemented with “common contaminants” from the Max Planck Institute
(http://maxquant.org/downloads.htm) and the Global Proteome Ma-
chine (GPM; http://www.thegpm.org/crap/index.html). The search data-
base consisted of forward and reverse sequences (labeled “DECOY”); in
total, 72,226 entries were searched. The search engines used were Mascot
(2.3.02; Matrix Science) and Comet (2012.01 rev.3) (80), with trypsin
specificity (2 missed cleavages were allowed) and deamidation (NQ) and
oxidation (M) as variable modifications. Charges +2, +3, and +4 were
allowed, and the parent mass tolerance was set at 12 ppm while the frag-
ment bin tolerance was set at 0.6 amu. The resulting Comet and Mascot
search results were processed individually by PeptideProphet, and pep-
tides were assembled into proteins using parsimony rules first described in
ProteinProphet into a final iProphet protein output using the Trans-Pro-
teomic Pipeline (TPP; Linux, version 0.0, development trunk rev 0, build
201303061711). TPP options were the following: general options were
—p0.05 —x20 —PPM —d“DECOY," the iProphet option was —ipPRIME,
and the PeptideProphet option was —OpdP. All proteins with a minimal
iProphet protein probability of 0.05 were parsed to the relational module
of ProHits. Note that for analysis with SAINT, only proteins with iProphet
protein probability of =0.95 are considered. This corresponds to an esti-
mated protein-level FDR of ~0.5%.

For each bait, a cell line was prepared for mass spectrometric analysis
as described above. Biological duplicates were grown/treated/processed at
different times to maximize the variability and increase the robustness in
the detection of true interactors. Negative-control purifications (consist-
ing of cells expressing green fluorescent protein [GFP] and FLAG alone)
were processed in parallel. The quality of each sample was assessed man-
ually by aligning the runs for the biological replicates in ProHits. The
results were analyzed by SAINTexpress v3.3 (81), a computationally effi-
cient reimplementation of the SAINT (for significance analysis of inter-
actome) method described previously (82). SAINT probabilities com-
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puted independently for each bait replicate are averaged, and the average
probability (AvgP) is reported as the final SAINT score used to calculate
the Bayesian false discovery rate (BFDR). Preys with BFDR of =1% were
considered true interactors. Visualization of the data was performed using
custom-based R scripts (83), with the primary FDR cutoff of 1% and the
secondary FDR cutoff of 5%, capping the color intensity of the circle when
the spectral counts reach 50.

All RAW mass spectrometry data and downloadable identification
and SAINTexpress results tables are deposited in the MassIVE repository
housed at the Center for Computational Mass Spectrometry at UCSD
(http://proteomics.ucsd.edu/ProteoSAFe/datasets.jsp). The data set has
been assigned the MassIVE identifier MSV000079082 and is available for
FTP download at http://MSV000079082@massive.ucsd.edu. The data set
was assigned the ProteomeXchange Consortium (http://proteomecentral
.proteomexchange.org) identifier PXD001956. Exploration of the data
also is available at prohits-web.lunenfeld.ca, a searchable repository of
filtered high-confidence interactions (data set name E4orf4).

Quantification of the PP1 catalytic subunit levels. As PPP1CA,
PPP1CB, and PPP1CC share high sequence identity (~84%), multiple
peptides are shared between these paralogs, complicating quantitative
analysis solely based on spectral counts. To circumvent this issue, the
precursor (MS1) intensity for one unique peptide for each of the PP1
catalytic subunits was extracted. Briefly, RAW files were uploaded into
Proteome Discoverer software (V1.3.0.339; Thermo-Fisher Scientific),
converted to MGF, and searched using Mascot (Matrix Science, version
2.3) using nearly identical parameters and databases as described above.
The only exceptions were that only one missed cleavage site was allowed,
and only +2 and +3 spectra were searched. Label-free quantification
(with peptide grouping) was enabled in Proteome Discoverer to assess the
relative abundance of peptides using parent ion signal intensity in MS1.
We also noted that the E4orf4 mutants were expressed at lower levels than
wild-type E4orf4, which may affect quantification. Therefore, to compen-
sate for these fluctuations, the MS1 intensity of two unique E4orf4 pep-
tides also was extracted and used for normalization. The selected pep-
tides are PPP1CA (LNLDSIIGR), PPP1CB (IVQMTEAEVR), PPP1CC
(NVQLQENEIR), and E4orf4 (AAAHEGVYIEPEAR; EWIYYNYYTER).
For all calculations, the MS1 intensity of each unique peptide was aver-
aged between biological duplicates. Additionally, for the E4orf4 bait, the
intensity was further averaged between the two selected peptides. Normal-
ization was performed simply by dividing the peptide intensity of the PP1
catalytic subunit by the peptide intensity of the E4orf4 peptides. Note that
PPP2CA and PPP2CB are 97% identical, and we have not been able to
uniquely assign identification by mass spectrometry; therefore, we
merged the two entries and denoted them PPP2CA/PPP2CB in the fig-
ures.

Cell lines. Human cell lines used include Flp-In 293 T-REx (Invitro-
gen), H1299 lung carcinoma cells (ATCC CRL-5803) containing a ho-
mozygous deletion of the p53 gene, and MDA-MB-231 mammary gland/
breast epithelial cells (ATCC HTB-26) that are homozygous mutant for
NE2. Cells were cultured at 37°C in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% fetal bovine serum (Wisent).

Generation of YAP1 knockdown cells. The short hairpin RNA
(shRNA)-mediated knockdown (KD) of YAP1 was carried out in H1299
cells based on previously described protocols (84). Briefly, lentiviral su-
pernatants produced by HEK293T cells were used to infect H1299 cells. In
parallel, supernatants harboring pLKO were generated and used as con-
trols. Infected cells were selected with puromycin (2 pg/ml; Sigma). The
shRNA construct targeting YAP1 (TRCN0000300281) was obtained from
the RNAi Consortium (TRC) arrayed human genome-wide shRNA col-
lection (Sigma).

Plasmids and viruses. For AP-MS studies, wild-type E4orf4 and class
I mutant R81A/F84A coding sequences were subcloned into the pcDNA5/
FRT/TO-FLAG(N) vector through EcoRI/Xhol restriction enzyme diges-
tion. For coimmunoprecipitation experiments, DNA plasmids for wild-
type and mutant pcDNA3-HA-E4orf4 for mammalian cell expression
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have been described previously (10). Other plasmid DNAs used were
pcDNAS5/FRT/TO-FLAG(N)-PP1 Ca (EcoRI/Xhol), pDESTpcDNAS5/
FRT/TO-3FLAG(N)-PP1 CPB (attBl/attB2), pDESTpcDNA5/FRT/TO-
3FLAG(N)-PP1 Cy (attBl/attB2), and pDESTpcDNAS5/FRT/TO-
3FLAG(N)-PARD3 (attBl/attB2). The previously described plasmid
DNA expressing Myc-tagged RASSF8 was kindly provided by Nicolas Ta-
pon (Cancer Research UK, London Research Institute) (85). Previously
described plasmid DNAs expressing V5-tagged ASPP1, ASPP2, iASPP,
ASPP2 V922A/F924A, and iASPP F815A were kindly provided by Xin Lu
(Ludwig Institute for Cancer Research, University of Oxford) (48). The
p2xFLAG CMV2 YAP 2 plasmid was obtained through Addgene (plasmid
19045). AAGFP and AdHA-E4orf4 viruses are adenovirus vectors lacking
the viral E1 region that express single gene products under the control of
a cytomegalovirus promoter, and they have been described previously
(8, 15).

Mammalian cell DNA transfections and adenoviral vector infec-
tions. For transfections, H1299 cells were plated onto 60- or 100-mm-
diameter dishes and transfected with plasmid DNAs using either Lipo-
fectamine 2000 (Invitrogen), as specified by the manufacturer, or
polyethylenimine (linear PEI; molecular weight, 25,000; Polysciences,
Inc.) transfection reagent dissolved in 0.2N HCI, as suggested in reference
86, at 1 pg/pl. Three microliters of Lipofectamine 2000 reagent was used
per 1 pg of DNA transfected or 5 pl of PEI reagent per 1 g of DNA
transfected. For adenoviral vector infections, H1299 cells were plated 24 h
prior as described above and were infected for 1 h with either AAGFP or
AdHA-E4orf4 viral vectors at a multiplicity of infection (MOI) of 35 or 50
PFU per cell in alow volume of infection medium (1X PBS supplemented
with 0.2 mM CaCl,, 0.2 mM MgCl,, and 2% serum) before its removal
and replacement with the addition of complete medium. For infec-
tions and cotransfections, adenoviral vector infections were carried out
first, and upon addition of complete medium, transfection mixtures were
added.

Cell lysis, coimmunoprecipitations, and Western blotting. H1299
cells were harvested 24 or 48 h posttransfection and/or infection and lysed
for 30 min on ice with various lysis buffers. For experiments requiring
only whole-cell extracts (WCE), cells were lysed in radioimmunoprecipi-
tation assay (RIPA) light buffer (50 mM Tris-HCI, pH 8, 150 mM NaCl, 5
mM EDTA, 1% NP-40, 0.1% SDS, 0.1% Triton X-100). For coimmuno-
precipitation experiments, cells were lysed in buffer (20 mM Tris-HCI, pH
7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 5% glycerol). All lysis
buffers were supplemented with the following: 2 mM dithiothreitol
(DTT), 4 mM NaF, 2 mM sodium pyrophosphate, 500 wM Na,VO,, 200
pg/ml phenylmethylsulfonyl fluoride (PMSF), 2 wg/ml aprotinin, and 5
pg/ml leupeptin. For coimmunoprecipitation experiments, 300 pg to 1
mg of protein extract was used. Antibodies used in coimmunoprecipita-
tions were mouse monoclonal anti-hemagglutinin (HA.11; Covance),
mouse monoclonal anti-FLAG (M2; Sigma-Aldrich), and mouse mono-
clonal anti-V5 (SV5-Pk1; AbD Serotec). Protein extracts were precleared
with a 50% protein G-50% protein A agarose slurry (GenScript). Incuba-
tion of lysates with appropriate antibodies was followed by incubation
with protein A/G slurry. Immunoprecipitates were washed five times with
lysis buffer and heated in sample buffer for 5 min, followed by SDS-PAGE,
transfer to polyvinylidene difluoride (PVDF) membranes (Millipore),
and Western blotting with appropriate antibodies. WCEs were prepared
using 20 to 50 g of total protein. Antibodies used for Western blotting
included anti-FLAG-horseradish peroxidase (Sigma-Aldrich), mouse
monoclonal anti-HA (Covance), anti-YAP/TAZ rabbit monoclonal
(D24E4; Cell Signaling), rabbit polyclonal anti-phospho-YAP Ser127
(4911; Cell Signaling), goat polyclonal anti-LATS1 (N18; Santa Cruz),
rabbit polyclonal anti-phospho LATS Ser909 (9157; Cell Signaling), and
mouse monoclonal PP2A B55a (2G9; Upstate). Membranes were incu-
bated with secondary antibody linked to horseradish peroxidase (Jackson
ImmunoResearch) followed by ECL detection (PerkinElmer).

Phosphatase assays. Cells were harvested and lysed for 30 min on ice
with \ phosphatase buffer (30 mM Tris-HCl, pH 7.4, 150 mM NacCl, 0.5%
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NP-40) supplemented with 2 mM DTT, 200 pg/ml PMSF, 2 pg/ml apro-
tinin, and 5 pg/ml leupeptin. Two hundred micrograms of protein extract
was treated with 200 U of lambda protein phosphatase (NEB), as specified
by the manufacturer, for 30 min at 30°C. Reactions were terminated with
the addition of sample buffer, and samples were heated for 5 min prior to
SDS-PAGE and transfer to PVDF membranes.

Colony formation assays. E4orf4 toxicity was measured essentially as
done previously (10). Briefly, control and knockdown H1299 cell lines
were plated in 6-well dishes in puromycin-containing medium and were
transfected with 1 ng of pcDNA3 (containing the neomycin resistance
gene) or pcDNA3-HA-E4orf4 for 48 h. Cells then were trypsinized and
resuspended in 1 ml medium, and 5 pl was transferred each in three
60-mm dishes. The rest of the cells were pelleted and lysed to check for
protein expression. After 10 to 13 days, colonies were stained with Giemsa
stain and counted.

RESULTS

Identification of novel E4orf4 binding partners by AP-MS. Our
group previously described two classes of E4orf4 mutants, of
which class I mutants fail both to bind B55 and to kill cancer cells,
suggesting that interactions with PP2AP* are essential for toxicity
(10). Conversely, class I E4orf4 mutants bind B55 but are defec-
tive in cell killing. Although the defects of class II cell killing may
be diverse, these findings suggest that one or more additional
E4orf4 binding partners also are required for E4orf4-induced
toxicity. In an attempt to identify additional E4orf4 targets, we
launched a proteomics effort to characterize E4orf4 binding part-
ners. As a starting point, we began by comparing the protein bind-
ing patterns obtained between wild-type E4orf4 and a class I
Edorf4 mutant, as such a comparison would not only identify
additional E4orf4 binding partners but also allow validation of our
approach, as the class I mutant would not be expected to associate
with PP2A"*® subunits.

E4orf4 wild type and a class I mutant (R81A/F84A) that was
shown previously to be unable to bind to B55 were subcloned into
the Flp-In T-REx FLAG expression vector and stably expressed in
the inducible Flp-In 293 line. E4orf4 species then were affinity
purified alongside a set of negative controls in biological repli-
cates, and the interaction partners were determined by AP-MS
and statistical analysis. Results from two such analyses (each with
two biological replicates) performed 8 months apart are shown in
Fig. 1.

As expected, wild-type E4orf4 but not class I mutant R81A/
F84A strongly interacted with both isoforms of the PP2A scaffold-
ing A subunit (Aa/PPP2R1A and AB/PPP2RIB), as well as the
PP2A catalytic subunit (PPP2CA/PPP2CB; these proteins are 97%
identical at the amino acid level, and we have not been able to
uniquely identify one isoform by mass spectrometry). Moreover,
three of the four isoforms of the B55 class of PP2A regulatory
subunits (B55a/PPP2R2A, B55vy/PPP2R2C, and B558/PPP2R2D)
were found to bind significantly to wild-type E4orf4 but not the
mutant. The fact that the fourth member of the B55 family was not
observed was not surprising, as the B553 subunit is expressed
mostly in brain tissues (87, 88). Nonetheless, no PP2A B species
other than the B55 class was observed to interact with E4orf4,
confirming our earlier findings and validating our AP-MS ap-
proach (14).

In addition to PP2A components, multiple other proteins were
detected with wild-type E4orf4, while their levels were decreased
with the mutant. A list of the major binding species with their
respective functions is presented in Table 1. For example, the
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E4orf4 wild type was found to interact with members of the PRL
phosphotyrosine phosphatase family (PTP4A1 and PTP4A2) as
well as all four CNNM transmembrane proteins that are known to
bind to PRLs and regulate cellular magnesium uptake (CNNM1,
CNNM2, CNNM3, and CNNM4), and, as a result, ATP levels to
affect cell viability and proliferation (89, 90). The wild-type pro-
tein also recovered multiple peptides for the ubiquitin-specific
protease USP15, which has been associated with tumor cell apop-
tosis and immune response via regulation of MDM2 levels (91).
Similarly, E4orf4 recovered high peptide counts for the polarity
protein Par3 (gene PARD3) (see more below), which has been
linked to oncogenic suppression of apoptosis (92, 93). These spe-
cies, as well as other interacting proteins, may be of interest and
will be evaluated in future studies. We noticed that many proteins
interacted solely with the class I mutant. These may represent
PP2A substrates brought to PP2A through E4orf4 binding or pro-
teins that normally bind weakly to E4orf4 but bind more stably
with the loss of PP2A binding; however, it also is possible that such
species resulted from a gain of function introduced by the muta-
tion and are of questionable importance in terms of E4orf4 func-
tion. Therefore, we have not included these mutant-specific bind-
ing proteins in Table 1.

A significant new finding was the presence of high levels of all
three highly related PP1 catalytic subunits (PP1 Ca/PPP1CA, PP1
CB/PPP1CB, and PP1 Cy/PPP1CC) with both wild-type and mutant
E4orf4, although much higher levels of binding of PP1 CB/PPP1CB
were observed consistently with the mutant (see Fig. 2). In addition to
PP1 catalytic subunits, members of the highly related ASPP family of
PP1 regulators (ASPP1/PPP1R13B, ASPP2/TP53BP2, and iASPP/
PPP1R13L) also were found to associate with wild-type E4orf4 and,
to some extent, the class I mutant. Importantly, essentially no other
PP1 regulatory subunits were detected with the E4orf4 wild type,
suggesting that E4orf4 associates primarily with ASPP-PP1 and not
other forms of PP1 (see Fig. 4). Alongside these components, known
interaction partners for PP1-ASPP and PARD3, namely, RASSF7,
RASSF8, and CCDC85C (57), also were detected, all of which previ-
ously were linked to Hippo pathway signaling (Table 1 and see be-
low). It should be noted that the mutant associated strongly with
two paralogs of the myosin phosphatase subunits (PPP1R12B
and PPP1R12C, which may interact preferentially with PP1 CB/
PPP1CB), consistent with the detection of actin regulators (SPECCI,
SPECCIL, and TRIOBP) with this mutant (see Fig. 3). Thus, these
results suggested that E4orf4 can associate with the two major classes
of cellular Ser/Thr phosphatases, PP2A and PP1.

E4orf4 interacts with all three isoforms of PP1 catalytic sub-
unit and two components of the Hippo pathway. To confirm the
interaction of PP1 catalytic subunits with E4orf4, coimmuno-
precipitation experiments were performed. Plasmid DNAs ex-
pressing FLAG-tagged PP1 catalytic subunits were transfected
into H1299 cells along with HA-E4orf4-expressing plasmid
DNAs to test binding to both wild-type E4orf4 and class I mu-
tant R81A/F84A. Results from coimmunoprecipitation exper-
iments with protein extracts from these cells are shown in Fig.
2A, where HA-E4orf4 species were immunoprecipitated using
anti-HA antibodies and Western blotting was performed using
anti-FLAG antibodies to detect binding to FLAG-PP1 catalytic
species. Both wild-type and mutant E4orf4 were seen to bind to
PP1 catalytic subunits with various degrees of efficiency, con-
firming the AP-MS results, as neither bound to the FLAG-GFP
control. These findings further validated the data obtained
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from the AP-MS analysis and suggested that E4orf4 can inter-
act with all three isoforms of PP1 catalytic subunits. Similar
experiments were performed to validate interactions with
PARD3 (Fig. 2B) and RASSF8 (Fig. 2C). FLAG-tagged PARD3
or MYC-tagged RASSF8 were cotransfected with HA-tagged
wild-type E4orf4 or class I mutant R81A/F84A, and immuno-
precipitates obtained using anti-HA antibodies were probed
for FLAG or MYC. Both proteins were shown to bind wild-type
and mutant HA-E4orf4.

Class IT E4orf4 mutants are defective for PP1 binding. It is
believed that much of the toxicity associated with E4orf4 is due
to its association with PP2A (1, 10, 14, 16, 34); however, E4orf4
mutational analyses by our group led to the classification of
two categories of mutants. While class I E4orf4 mutants are
unable to bind to B55a and induce significantly reduced tox-
icity, class II mutants differ in that they bind B55a yet have
reduced toxicity, suggesting that such binding is not sufficient
for E4orf4 cell killing (10). Results from a recent study by our
group suggested that binding of class II E4orf4 mutants to
PP2A">* holoenzymes differs slightly from that of the wild
type; thus, it may not elicit the appropriate effects required for
toxicity (1). However, it is also possible that class II mutants are
deficient in binding additional essential targets required to in-
duce cell death. Thus, it was of importance to examine directly
the interactions of newly detected E4orf4 binding partners with
both class I and class II mutants. In the context of the present
studies, we were specifically interested in monitoring interac-
tions of these mutants with ASPP-PP1 subunit components of
the Hippo pathway.

Using these two classes of E4orf4 mutants, we began by
characterizing by coimmunoprecipitation the association with
the PP1 catalytic subunit as well as PP2A B55a. HA-E4orf4
species were immunoprecipitated using anti-HA antibodies,
and Western blotting was performed using appropriate anti-
bodies. As previously found (10), class I E4orf4 mutants were
defective for binding to PP2A B55a, while class II mutants
behaved mostly like the wild type in terms of the level of B55a
binding (Fig. 3A). However, when anti-FLAG antibodies were
used to detect FLAG-PP1 C@ binding, it was apparent that all
class II E4orf4 mutants tested were highly defective in associ-
ating with the PP1 C catalytic subunit compared to wild-type
Edorf4 and class I mutants.

To examine interactions of the mutants further, we per-
formed an additional round of proteomics analysis, using two
class Il mutants (the entire data set is deposited in the MassIVE
public repository, as described in Materials and Methods, and
is available in a user-friendly format at http://prohits-web
Junenfeld.ca). Figure 3B displays the interactions for the PP1
and PP2A proteins and members of the Hippo signaling path-
way. As expected, while interaction with all PP2A subunits was

nearly abolished in the class I mutant (R81A/F84A), their in-
teractions were largely maintained with the L54A and K88A
class II mutants. In contrast, all three members of the ASPP
family of PP1 regulators (ASPP1/PPP1R13B, ASPP2/TP53BP2,
and iASPP/PPP1R13L) and the Hippo signaling pathway com-
ponents RASSF7, RASSF8, CCDC85C, PTPN14 (94), and
PARD3 were detected with the wild type and the class I mutant
but not with the class II E4orf4 mutants. To quantify the inter-
action of each of the highly homologous PP1 catalytic subunit
proteins with E4orf4 class II mutants, the precursor (MS1)
intensity for one unique peptide for each of the PP1 catalytic
subunits was extracted as described in Materials and Methods.
Figure 3C shows that all three interacted with the wild type but
did so much more poorly with both class I mutants, indicating
that class II mutants indeed were defective in such associations.
In total, the results shown in Fig. 3 suggested that the inability
to associate with ASPP-PP1 and components of the Hippo
pathway contribute to the loss of toxicity of class II E4orf4
mutants.

E4orf4 binds to the ASPP-PP1 complex. The interaction of all
ASPP proteins with wild-type E4orf4 was validated in coimmuno-
precipitation experiments. As shown in Fig. 4A, HA-E4orf4 spe-
cies were immunoprecipitated using anti-HA antibodies, and
Western blotting was performed using anti-V5 antibodies to de-
tect binding to V5-ASPP species. Reciprocal coimmunoprecipita-
tion experiments showed that E4orf4 bound to all members of the
ASPP family, namely, the functionally similar ASPP1 and ASPP2
species and the divergent iASPP. Interestingly, the mutants ASPP2
V922A/F924A and iASPP F815A, which are unable to associate
with PP1 catalytic subunits (48), displayed a reduced ability to
interact with E4orf4. These results again confirmed the detection
of ASPP proteins as E4orf4 partners and also suggested that E4orf4
associates preferentially with PP1-bound forms of ASPP proteins
(see Discussion). We also examined the ability of class I (R81A/
F84A) and class II (K88A) E4orf4 mutants to bind to all three
ASPP proteins. As shown in Fig. 4B, the class I mutant showed a
reduced binding to all three ASPP proteins, but a further decrease
was observed with the class II mutant. These data corresponded
very well with the mass spectrometry data shown in Fig. 3B.

Effects of E4orf4 on the YAP component of the Hippo signal-
ing pathway. As noted above, both PP2A and ASPP-PP1 com-
plexes are key regulators of Hippo signaling, in part through their
dephosphorylation of YAP/TAZ (60, 61, 69). Thus, the mecha-
nism of E4orf4 killing may involve effects on the Hippo signaling
pathway. Additionally, other members of the Hippo pathway also
were detected as E4orf4 binding partners, including RASSF7,
RASSF8, CCDC85C, and PARD3 (Fig. 1, 2, and 3B) (56-58). To
explore the possibility of a link between E4orf4 and this critical
signaling pathway, we examined the effects of E4orf4 on the phos-
phorylation state of key Hippo signaling proteins, as the pathway

FIG 1 High-confidence interaction partners for wild-type and class I mutant E4orf4. Comparison of AP-MS results for FLAG-E4orf4 and FLAG-E4orf4-R81A/
F84A. Briefly, two biological replicates of human Flp-In T-REx 293 cells stably expressing FLAG-E4orf4 or FLAG-E4orf4-R81A/F84A were harvested in parallel
to four negative controls (FLAG alone), and proteins were purified on anti-FLAG beads prior to analysis by liquid chromatography coupled to tandem mass
spectrometry. Statistical analysis was employed to score high-confidence interactors, based on a false discovery rate (FDR) estimation, and proteins detected with
=1% FDR either the wild-type or the mutant purifications are displayed (confidence values are mapped as the circle contour color in bins =1%, =5%, or >5%
across both baits). Circle shading indicates the number of spectra detected (averages) across both biological replicate purifications (this value is capped at 50
spectra; the highest spectral count was 1,086). Circle size is proportional to the relative abundance of each prey across both baits; note, however, that the mutant
protein was expressed at much lower levels than the wild-type protein in the stable cell lines used for AP-MS. Results from two studies, each with two biological
replicates performed 8 months apart, are shown (denoted “_1” and “_2”). Asterisks denote genes that are discussed in more detail.
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TABLE 1 Summary of AP-MS analysis from Fig. 1 of proteins found to bind wild-type E4orf4

Protein found to bind E4orf4

WT through AP-MS

Description

PP2A Ba/PPP2R2A

PP2A Ca/PPP2CA
PP2A C/PPP2CB
PP2A Aa/PPP2RIA

PARD3

USP15
iASPP/PPPIR13L
PP2A B3/PPP2R2D

PP2A AB/PPP2R1B
ASPP2/TP53BP2

TNRC6B
RAVER1

CRTC3
CCDC85C
GIGYF2
ASPP1/PPP1R13B

SAPCD2
CNNM3
ANKRD17
CRTC2
CNNM2
RASSF8

DNPEP
BCOR
CNNM4
SIK3
Secl6A
DCAF7

SHKBP1

AUTS2

TANC2
SHROOM3

GPBP1

PP2A By/PPP2R2C

RSPH3
PRL1/PTP4A1

TBK1
RASSF7

NCOR2
SYDE1

TBL1XR1
EIF4E2
KSR1

PHLDB2
TBKBP1
FCHSO1
SDCCAG3

Protein phosphatase 2A 55-kDa regulatory subunit B a isoform; modulates PP2A substrate selectivity and catalytic
activity; directs the localization of the enzyme to particular subcellular compartments

Protein phosphatase 2A catalytic subunit a and 8 isoforms

Not distinguishable from each other

Protein phosphatase 2A 65-kDa regulatory subunit A « isoform; scaffolding subunit to coordinate the assembly of the
catalytic subunit and the regulatory B subunit

Par-3 family cell polarity regulator; involved in directing polarized cell growth

Ubiquitin specific peptidase 15; part of a family of deubiquitinating enzymes

Protein phosphatase 1, regulatory subunit 13 like; inhibitor of p53-family proteins

Protein phosphatase 2A 55-kDa regulatory subunit B 8 isoform; modulates PP2A substrate selectivity and catalytic
activity; directs the localization of the enzyme to particular subcellular compartments

Protein phosphatase 2A 65-kDa regulatory subunit A 8 isoform; scaffolding subunit to coordinate the assembly of the
catalytic subunit and the regulatory B subunit

Tumor protein p53 binding protein, 2; required for the induction of apoptosis by p53-family proteins; involved in
Hippo signaling pathway

Trinucleotide repeat containing 6B; involved in miRNA-guided gene silencing

Ribonucleoprotein, PTB-binding 1; cooperates with PTBP1 to modulate regulated alternative splicing events

CREB regulated transcription coactivator 3; involved in CREB-dependent gene transcription

Coiled-coil domain containing 85C; may play an important role in cortical development

GRBI10 interacting GYF protein 2; may be involved in the regulation of tyrosine kinase receptor signaling

Protein phosphatase 1, regulatory subunit 13B; required for the induction of apoptosis by p53-family proteins;
involved in Hippo signaling pathway

Suppressor APC domain containing 2

CyclinM3; may play an important role in magnesium homeostasis

Ankyrin repeat domain-containing protein 17; may be involved in liver development

CREB regulated transcription coactivator 2; involved in CREB-dependent gene transcription

CyclinM2; may play an important role in magnesium homeostasis

Ras association (RalGDS/AF-6) domain family (N-terminal) member 8; essential for maintaining adherens junction
function in epithelial cells and has a role in epithelial cell migration

Aspartyl aminopeptidase

BCL6 corepressor; transcriptional corepressor

CyclinM4; may play an important role in magnesium homeostasis

Salt-inducible kinase 3; energy regulator

Homolog A of S. cerevisiae SEC16; may play a role in membrane traffic from the endoplasmic reticulum

DDBI1- and CUL4-associated factor 7; may function as a substrate receptor for CUL4-DDBI1 E3 ubiquitin-protein
ligase complex

SH3KBP1 binding protein 1

Autism susceptibility candidate 2; may play a role in neuronal development

Tetratricopeptide repeat, ankyrin repeat, and coiled-coil containing 2

Shroom family member 3; may be involved in regulating cell shape in certain tissues

GC-rich promoter binding protein 1; functions as a GC-rich promoter-specific transactivating transcription factor

Protein phosphatase 2A 55-kDa regulatory subunit B vy isoform; modulates PP2A substrate selectivity and catalytic
activity; directs the localization of the enzyme to particular subcellular compartments

Radial spoke 3 homolog

Protein tyrosine phosphatase type IVA, member 1; plays regulatory roles in cell proliferation and migration and may
be involved in cancer development and metastasis

TANK-binding kinase 1; plays an essential role in regulating inflammatory responses to foreign agents

Ras association (RalGDS/AF-6) domain family (N-terminal) member 7; negatively regulates stress-induced JNK
activation and apoptosis; required for chromosomal congression by stimulating microtubule polymerization

Nuclear receptor corepressor 2; mediates the transcriptional repression activity of some nuclear receptors by
promoting chromatin condensation

Synapse defective 1, Rho GTPase, homolog 1; GTPase activator for the Rho-type GTPases by converting them to an
inactive GDP-bound state

Transducin (beta)-like 1 X-linked receptor 1; may have transcription corepressor activity

Eukaryotic translation initiation factor 4E family member 2

Kinase suppressor of rasl; promotes MEK and RAF phosphorylation and activity through assembly of an activated
signaling complex

Pleckstrin homology-like domain, family B, member 2; may be involved in the assembly of the postsynaptic apparatus

TBKI binding protein 1/SINTBAD; adaptor protein to TBK1; may be involved in TNF/NFKB pathway

FCH and double SH3 domain 1

Serologically defined colon cancer antigen 3; may be involved in modulation of TNF response

(Continued on following page)
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TABLE 1 (Continued)

Protein found to bind E4orf4

WT through AP-MS Description

PP1 Ca/PPP1CA

Protein phosphatase PP1-a catalytic subunit; essential for cell division, and participates in the regulation of glycogen
metabolism, muscle contractility and protein synthesis

Mitogen-activated protein kinase kinase kinase 3; regulates the stress-activated protein kinase (SAPK) and
extracellular signal-regulated protein kinase (ERK) pathways by activating SEK and MEK1/2 respectively

Centromere protein F, 350/400ka (mitosin); associates with the centromere-kinetochore complex

SRRM2 Serine/arginine repetitive matrix 2; involve in pre-mRNA splicing

CCDC6 Coiled-coil domain-containing protein 6; may function as a tumor suppressor
MAP3K3

KRT18 Keratin 18

PNMAL Paraneoplastic Ma antigen 1; antineuronal antibody

CENPF

CCDCI120 Coiled-coil domain containing 120

PRKCI Protein kinase C, iota

MAST2 Microtubule associated serine/threonine kinase 2; controls TRAF6 and NF-«kB activity
PHLDBI1 Pleckstrin homology-like domain, family B, member 1

PP1 Cy/PPP1CC

Protein phosphatase PP1-7y catalytic subunit; essential for cell division, and participates in the regulation of glycogen

metabolism, muscle contractility and protein synthesis

Zinc finger CCCH-type containing 14; belongs to a family of poly(A)-binding proteins that influence gene expression

ZC3H14

by regulating mRNA stability, nuclear export, and translation
KCTD3 Potassium channel tetramerization domain containing 3
ZNF703 Zinc finger protein 703; linked with the development of breast cancers
GLUD2 Glutamate dehydrogenase 2
RNF187 Ring finger protein 187; coactivator of JUN-mediated gene activation

PP1 CB/PPP1CB

Protein phosphatase PP1- catalytic subunit; essential for cell division, and participates in the regulation of glycogen

metabolism, muscle contractility and protein synthesis

MYPT2/PPP1R12B
skeletal, muscle, and brain
PPP1R12C

Protein phosphatase 1, regulatory subunit 12B; the myosin-binding subunit of myosin phosphatase; specific to heart,

Protein phosphatase 1, regulatory subunit 12C; subunit of myosin phosphatase that regulates the catalytic activity of

PP13 and assembly of the actin cytoskeleton

is highly regulated by phosphorylation. Figure 5A shows that
H1299 human lung carcinoma cells infected with adenoviral vec-
tors expressing HA-E4orf4 accumulated hyperphosphorylated
YAP, as observed using anti-YAP antibodies and antibodies
against the phosphoserine 127 residue of YAP, the major phos-
phorylation site on YAP for the Hippo Lats kinases (95). This
effect was evident by the presence of a slower-migrating species
that was not detected in the absence of E4orf4. Figure 5A also
shows that the doublet of YAP species detected with both antibod-
ies in Edorf4-expressing cells was converted into a single faster-
migrating species when samples were treated with N phosphatase
or disappeared completely in Western blots using total and phos-
pho-YAP antibodies, respectively. Moreover, this hyperphospho-
rylation of YAP in E4orf4-expressing cells was not due to an acti-
vation of the Lats1/2 kinases, as Lats activation was not induced
under these conditions and was, if anything, reduced at Ser909, an
autophosphorylation site that acts as an indicator of Lats activity
(96). Comparable results were observed in MDA-MB-231 breast
cancer cells, which are deficient in an upstream component of the
Hippo cascade, NF2/Merlin (97) (Fig. 5B). To examine the effect
of class I and class IT E4orf4 mutants on YAP phosphorylation, the
experiment was repeated, but in this case in cells expressing E4orf4
proteins following cDNA transfection. Figure 5C shows that ex-
pression of wild-type E4orf4 greatly increased the phosphoryla-
tion of YAP at Ser127. The increase of phosphorylation was only
slightly reduced by the class I mutant (R81A/F84A) but was sig-
nificantly reduced with the class II K88 A mutant (see further com-
ments in Discussion).

E4orf4 reduces the association of ASPP2 and YAP. Our re-

8862 jviasm.org
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sults suggested that YAP hyperphosphorylation in cells ex-
pressing E4orf4 was not due to higher Lats kinase activity; thus,
another explanation for this effect is that E4orf4 inhibits YAP
dephosphorylation. ASPP-PP1 complexes previously have
been shown to be involved in the dephosphorylation of YAP
(and TAZ), with which they physically associate (56, 57, 59—
61); thus, we examined the association of YAP with ASPP2 in
the presence and absence of E4orf4 in coimmunoprecipitation
experiments. Figure 6A shows that the expression of wild-type
Edorf4 significantly reduced YAP interactions with ASPP2 to
only 36.6% of the signal detected without E4orf4 (as quantified
by Image]), suggesting that the binding of E4orf4 to ASPP-PP1
complexes prevents the association of the phosphatase com-
plex with YAP and other substrates, leading to their hyperphos-
phorylation. Figure 6B shows, in cells expressing E4orf4 pro-
teins from plasmid ¢cDNAs, that both wild-type E4orf4 and
class I mutant R81A/F84A reduced interactions between
ASPP2 and YAP; however, little effect was seen with the class II
mutant K88A that fails to interact with ASPP-PP1 complexes
(see further comments in Discussion). Interestingly, despite
the use of a very different E4orf4 expression system, the E4orf4
protein induced a very similar decrease in YAP binding, as seen
in Fig. 6A, at 32.9% of signal detected without E4orf4 (as quan-
tified by Image]).

E4orf4 toxicity is enhanced by knocking down YAP1 expres-
sion. To obtain more direct biological evidence linking effects of
YAP phosphorylation and Hippo signaling with E4orf4 toxicity,
H1299 cells were generated in which YAPI expression was re-
duced by expression of an appropriate shRNA. If inhibition of

September 2015 Volume 89 Number 17
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FIG 2 Validation of PP1 catalytic subunits PARD3 and RASSF8 as E4orf4
binding partners. HA-E4orf4 species were immunoprecipitated (IP) using an-
ti-HA antibodies, and Western blotting was performed using appropriate anti-
FLAG or anti-MYC antibodies. (A) Binding of FLAG-PP1 catalytic subunits
(PP1Ca, PP1Cp,and PP1 Cy) or FLAG-GFP as a negative control. Whole-cell
extracts (WCE) are shown for FLAG-GFP/PP1 catalytic species (PP1 Ca, PP1
CR, and PP1 Cy) and HA-E4orf4 species (E4orf4 wild type and class I mutant
R81A/F84A). (B) PARD3. (C) RASSFS.
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Hippo signaling plays a role in E4orf4 toxicity, knockdown of
YAP1 should enhance cell killing by E4orf4. Figure 7 (bottom)
shows that YAP1 expression was greatly reduced in the shYAP-
H1299 cells relative to that of control H1299 cells selected using a
control pLKO shRNA (pLKO-H1299). These cells then were
tested for their ability to be killed by the expression of E4orf4 using
our standard colony formation assay in which cells selected for
expression of either plasmid DNA pcDNA3 or pcDNA3-E4orf4
were plated and colony formation measured. Figure 7 shows
plates from a single experiment (top) as well as the average results
from four different experiments (middle). Whereas expression of
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Edorf4 in control pLKO-H1299 cells resulted in a reduction in
colony formation of about 75%, E4orf4 induced a significant de-
crease in colony formation in shYAP-H1299 cells of around 40%
(from 22.1% to 13.7%). Thus, these results are consistent with the
possibility that E4orf4 toxicity involves interference of Hippo sig-
naling through effects on YAP, resulting in cell death due to the
failure to induce prosurvival gene expression.

DISCUSSION

Although several E4orf4 binding partners have been discovered
thus far and characterized in the context of viral replication or
E4orf4-induced cell death, our current findings with AP-MS tech-
nology have not only confirmed an association with PP2A® ho-
loenzymes but also revealed new associated proteins involved in
pathways that may be affected by E4orf4 expression, potentially
providing new insights into some of these pathways.

In addition to PP2A, E4orf4 was found to interact with another
important class of phosphatases, PP1 (PP1 Ca, PP1 CB, and PP1
Cv), an association that was validated in coimmunoprecipitation
experiments. Furthermore, PP1-interacting proteins from the
ASPP family (ASPP1, ASPP2, and iASPP) also were found in both
the AP-MS analysis and coimmunoprecipitation experiments and
shown to be dependent on the interaction between ASPP species
and PP1 catalytic subunits. Taken together, these results suggested
that E4orf4 preferentially binds to ASPP-PP1 heterodimers. It is
possible that E4orf4 binds directly to the three highly related PP1
catalytic subunits and blocks association with all PP1-interacting
proteins other than the ASPP species. More likely, however,
E4orf4 may bind ASPP-PP1 complexes like a pseudosubstrate, as
is the case with PP2A®>,

Although additional studies clearly will be required, the cur-
rent results suggest that the association of E4orf4 with PP1 is im-
portant for E4orf4-induced cell death. We previously reported
that class IT E4orf4 mutants, which bind to PP2A®>** but display
reduced toxicity, may be deficient in exerting a biological effect
because they bound to B55a inappropriately (1); however, it now
seems possible that they are defective because they fail to interact
with additional essential E4orf4 targets, one of which may be
ASPP-PP1 enzymes. While there is no reason to assume that all
class IT mutants have the same defect, our current results demon-
strated that all of the class II mutants tested, despite being able to
bind to B55a, were defective in their associations with all ASPP-
PP1 complexes. Although the precise mechanism by which PP1
contributes to E4orf4-induced toxicity is unclear, an attractive
hypothesis is that both PP1 and PP2A must be targeted by E4orf4
to control the phosphorylation of common pathways and sub-
strates implicated in the regulation of cell death, one of which is
the Hippo signaling target, YAP. Consistent with the potential
biological links of E4orf4 to Hippo is the fact that several other
components of Hippo signaling, including PTPN14, RASSF7,
RASSF8, CCDCB85C, and PARD3, are among the E4orf4-interact-
ing species detected in our AP-MS analysis. It is not completely
clear yet at what step(s) all of these proteins interface with the
Hippo pathway, although they all are found associated with the
transcriptional activator YAP1 (56, 57).

The revelation that regulators of Hippo signaling are in-
volved in E4orf4-induced toxicity and, perhaps, adenovirus
replication suggests a new common target for some viruses. It
was shown very recently that polyomavirus small T antigen
(PyST) binds to YAP1 and YAP2, resulting in decreased YAP
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longer associates with PP1 catalytic subunits (ASPP2 V922A/F924A) (48), V5-
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fected with the indicated plasmids, and HA-E4orf4 was immunoprecipitated
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phosphorylation and subsequent degradation from enhanced
YAP association with PP2A (98). Additionally, both SV40 small
T (ST) and Merkel cell polyomavirus small T proteins have
been shown to activate YAP (99). Unlike PyST, adenoviral
E4orf4 does not appear to interact with YAP (M. Z. Mui and
P. E. Branton, unpublished results), and unlike other small
DNA tumor viruses, adenovirus E4orf4, at least when ex-
pressed alone at high levels, appears to induce opposite effects
on YAP, leading to Lats-independent hyperphosphorylation of
YAP. It should be remembered that during normal adenovirus
infection, the levels of E4orf4 expression are much lower than
those required for toxicity, and at least in the case of PP2A, we
believe that the role of E4orf4 binding is to introduce new
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substrates for dephosphorylation by this enzyme to further the
infectious process (1). This also may be the case with ASPP-
PP1. Nevertheless, at high levels in H1299 lung cancer cell lines,
E4orf4 appeared to downregulate Lats kinase activity, further
strengthening a link between E4orf4 and the Hippo signaling
pathway. In MDA-MB-231 cells that exhibit downregulated
Hippo signaling, Lats activity was unaffected by E4orf4 (Fig.
5B), yet YAP hyperphosphorylation still was apparent. Taken
together, these results suggested that another mechanism exists
by which YAP is hyperphosphorylated in the presence of
E4orf4. PP1 and PP2A have been linked to the dephosphoryla-
tion of both YAP and TAZ (59-61, 69); thus, it is not surpris-
ing that, when expressed at high levels, E4orf4, through interac-
tions with both PP2A and PP1, could affect YAP phosphorylation
through inhibition of one or both enzymes. We have shown pre-
viously that E4orf4 binds to PP2A®>>* like a pseudosubstrate and
prevents the binding of normal substrates, including p107 (1).
Thus, it is possible that E4orf4 functions in a similar way with
ASPP-PP1; in fact, we demonstrated that E4orf4 reduced interac-
tions with YAP. Finally, although the Striatin/B" form of PP2A
was found to be involved in regulating the Hippo signaling path-
way (56, 100), a recent study reported B55 and A subunit interac-
tions with LATS2 (56). Our current results suggested that in terms
of both effects on YAP hyperphosphorylation and reduction of the
association of YAP with ASPP-PP1, class II mutants were more
defective than class I, suggesting that interactions with ASPP-PP1
are more significant than those with PP2AP*. Clearly, further
studies will be required to resolve this issue.

The biological significance of the effect E4orf4 has on YAP is
not yet clear and will be investigated in future studies; however,
from the perspective of E4orf4-induced cell death, the hyperphos-
phorylation and inhibition of YAP would be consistent with the
attenuation of transcription of genes required for proliferation.
Interestingly, cytoskeleton reorganization and cell detachment
was found to activate Lats1/2, leading to YAP phosphorylation
and inhibition, events which are required for anoikis in nontrans-
formed cells, while in cancer cells with a deregulated Hippo path-
way, the knockdown of YAP and TAZ restored anoikis (101).
E4orf4 may induce these events in a manner independent from
that of the canonical Hippo kinases through inhibition of ASPP-
PP1 and possibly PP2A. Further evidence supporting a link be-
tween E4orf4 toxicity and the Hippo pathway was evident in our
finding that knockdown of YAP1, which should reduce Hippo
signaling, enhanced E4orf4 killing.

Although E4orf4 protein is localized largely in the nucleus, low
levels also are present in the cytoplasm (12, 18, 70, 71, 73). It is
believed that these two subpopulations are responsible for the
distinct cytoplasmic and nuclear death activities attributed to
E4orf4, where the former involves mostly c-Src kinases and the
latter PP2A (3, 12,21, 70-73). The implication of Hippo signaling
regulators as being involved in the mechanism by which E4orf4
induces cell death revealed a possible link between the cytoplasmic
and nuclear pathways. Cytoplasmic events such as cell polarity,
cell-cell contacts, the actin cytoskeleton, and G protein-coupled
receptors have been known to influence the Hippo signaling path-
way, so that the effectors of the pathway, YAP and TAZ, are prop-
erly regulated in the nucleus to ultimately control cell prolifera-
tion and fate (65, 67, 102).

We believe that our study offers important new avenues of
research toward an understanding of the mechanism by which
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ity of infection (MOI) of 35 and harvested, and whole-cell extracts (WCE)
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Analysis similar to that described for panel A, with wild-type E4orf4 or class T or IT
mutants (as indicated) expressed from transfected plasmid cDNAs. Band intensi-
ties were quantified using Image J software.

E4orf4 induces cell death by implicating the Hippo signaling
pathway. Furthermore, this implication may even explain the
tumor cell specificity of E4orf4-induced toxicity, as the Hippo
signaling pathway often is deregulated in cancer cells. Clearly

were analyzed by SDS-PAGE and Western blotting using the indicated anti-
bodies. WCE:s also were treated with N\ phosphatase as described in Materials
and Methods. (B) Analysis similar to that described for panel A, with MDA-
MB-231 breast cancer cells infected with adenoviral vectors expressing either
GFP (AdGFP) or HA-E4orf4 (AdHA-E4orf4) at an MOI of 50. (C) Analysis of
YAP phosphorylation was determined in cells expressing wild-type HA-
E4orf4, class I mutant HA-R81A/F84A, or class II mutant K88A expressed
from transfected plasmid cDNAs. Immunoprecipitates obtained using an-
ti-HA antibodies were blotted using anti-YAP phosphoserine-127, anti-FLAG,
or anti-HA antibodies as indicated. An asterisk indicates an unspecific band.
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FIG 7 E4orf4 cell killing in control and YAP1 knockdown cells. Cell killing
was measured by colony formation assays in control H1299 cells and those in
which YAP1 expression was reduced by the expression of an appropriate
shRNA following expression of wild-type E4orf4, as described in Materials and
Methods. (Top and middle) Effect on colony formation. (Bottom) YAP1 and
HA-E4orf4 expression as measured by Western blotting. Error bars represent
standard deviations, and the P value was calculated from a ¢ test with two
paired samples for means.

further studies will be required to identify the role of the highly
complex Hippo pathway in E4orf4-induced cell killing.
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