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measles virus
In Brief g
Control of measles virus
infection and measles-based

oncolytic therapy are possible, LC-MS/MS

thanks to the existence of a safe

and efficient live attenuated @
vaccine. Molecular mechanisms PCA

that make this vaccine to be so @
efficient are yet to be

determined. We show that the BRET
measles C protein is responsible
for the establishment of complex
networks of interactions with the
host cell. We suggest that the C . . .
protein binding to the p65- cell death Innate Immunity
iASPP protein complex controls response

the host cell death and innate

immunity pathways.

Highlights
e Measles virus controls immune response and cell death pathways to achieve replication.
e Host proteins interaction network with measles virulence factor C protein.

e Cellular p65-iASPP complex is targeted by measles virus C protein.
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Proteomic Analysis Uncovers Measles Virus
Protein C Interaction With p65-iASPP Protein

Complex

Alice Meignié'**, Chantal Combredet'*, Marc Santolini®*, Istvan A. Kovacs* ",
Thibaut Douché’, Quentin Giai Gianetto’'®, Hyeju Eun®, Mariette Matondo’®,

Yves Jacob'°®, Regis Grailhe®, Frédéric Tangy' ', and Anastassia V. Komarova

Viruses manipulate the central machineries of host cells to
their advantage. They prevent host cell antiviral responses
to create a favorable environment for their survival and
propagation. Measles virus (MV) encodes two nonstruc-
tural proteins MV-V and MV-C known to counteract the
host interferon response and to regulate cell death path-
ways. Several molecular mechanisms underlining MV-V
regulation of innate immunity and cell death pathways
have been proposed, whereas MV-C host-interacting pro-
teins are less studied. We suggest that some cellular fac-
tors that are controlled by MV-C protein during viral
replication could be components of innate immunity and
the cell death pathways. To determine which host factors
are targeted by MV-C, we captured both direct and indirect
host-interacting proteins of MV-C protein. For this, we
used a strategy based on recombinant viruses expressing
tagged viral proteins followed by affinity purification and a
bottom-up mass spectrometry analysis. From the list of
host proteins specifically interacting with MV-C protein in
different cell lines, we selected the host targets that belong
to immunity and cell death pathways for further validation.
Direct protein interaction partners of MV-C were deter-
mined by applying protein complementation assay and the
bioluminescence resonance energy transfer approach. As
a result, we found that MV-C protein specifically interacts
with p65-iASPP protein complex that controls both cell
death and innate immunity pathways and evaluated the
significance of these host factors on virus replication.

Measles virus (MV) is a member of the genus Morbillivirus of
the family Paramyxoviridae. This enveloped virus with a

1,10,

negative-sense nonsegmented RNA genome is responsible
for measles, a childhood disease that used to cause 2.6
million deaths each year globally before the introduction of a
live attenuated vaccine in the 1970s that reduced the inci-
dence of the disease by 95%. Since then, the MV vaccine has
shown its safety and efficacy in over two billion children (1).
However, despite almost 50 years of vaccination history, we
still know little about molecular mechanisms that make the
attenuated MV vaccine so efficient. Furthermore, the measles
vector platform is a promising plug-and-play vaccine platform
technology for the rapid development of effective preventive
vaccines against viral and other infectious diseases (1).
Another strong argument to study molecular mechanisms of
MV replication and cellular pathways that are launched or
controlled by MV is the efficacy of the MV vaccine for onco-
lytic viral therapy (2). Thus, numerous fundamental studies are
needed to understand the principles of MV vaccine func-
tioning as a preventive and therapeutic agent.

MV genome contains six genes encoding six structural
proteins (N-P-M-F-H-L). The P gene encodes the P protein
and two accessory proteins: V (3) and C (4). Both MV-V and
MV-C are viral virulence factors that exert multiple regulatory
functions, suggesting numerous dynamic interactions with the
human proteome. MV-V counteracts the host type | interferon
(IFN) response by interacting with melanoma differentiation—
associated protein 5, laboratory of genetics and physiology
2, nuclear factor-kappa B (NF-kB) subunits p65, kB kinase a,
signal transducer and activator of transcription 1 and 2, and
Janus kinase 1 and by interfering with their functions (5-8).
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MV-V also interacts with p53 and p73 proteins, suggesting a
link between MV-V and the cellular apoptosis pathway (9, 10).
By interacting with TRIpartite motif-containing protein 25, MV-
V stops the antiviral activities of retinoic acid-inducible gene |
(RIG-]) in the type | IFN signaling pathway (11). Numerous
host-interacting proteins have therefore been validated for
MV-V, whereas the MV-C network of interactions within
infected cells remains undetermined.

Viruses in the genera Respirovirus, Henipavirus, and Mor-
billivirus and Tupaia paramyxovirus—like viruses within the
Paramyxoviridae family express one or more C proteins, which
are relatively small basic proteins translated from the P mRNA
in a different open frame from that for the P protein (12). MV-C
is a highly positively charged protein of 186 AA (4). Using
immunofluorescence, MV-C was localized in the nucleus and
cytoplasmic inclusions (4, 13, 14). MV-C possesses a nuclear
localization signal and a nuclear export signal, which allow
MV-C to shuttle between the cytoplasm and the nucleus (14).

MV with an abrogated expression of the C protein (MVAC)
has been evaluated in vitro and in vivo (15-24). In nonhuman
primates, MV-C can prevent cell death and is necessary for
efficient viral replication as dramatically reduced expression of
an MV antigen is detected in different tissues in comparison
with WT MV (15, 24). MV-C protein has been reported to inhibit
the IFN-o/p/y responses (25-27). MV-C interferes with the in-
duction of IFN at the transcriptional level (28) and seems to
control the induction of IFN by regulating viral RNA synthesis
(21, 22, 29-31).

Numerous studies have demonstrated that viral defective
interfering (DI) genomes are accumulated upon cell infection
with MVAC virus (21, 32). These truncated replicative forms of
the viral genome are directly linked to type | IFN signaling
through RIG-I and protein kinase R (PKR) (22, 32-35). Indeed,
RIG-I is one of the viral RNA sensors triggering the production
of proinflammatory cytokines, including IFN-o/p, and the
establishment of an antiviral state in the host cells (36). PKR is
another sensor of viral dsRNA. Its activation triggers a cellular
stress response leading to downregulation of cellular protein
synthesis because of the phosphorylation of eukaryotic
translation initiation factor 2o and to the formation of stress
granules (36). In addition, the enhanced production of MV DI
genomes by MVAC that mediates PKR has correlated with a
better activation of IFN regulatory factor 3, NF-kb, and acti-
vating transcription factor 2 that increase IFN production (33).
Thus, MV-C deletion from the virus suggests a direct contri-
bution of MV-C on the viral RNA synthesis and either indirect
or direct control of the host's innate immune responses.

In cell culture, MV infection induces autophagy that is likely
to favor the production of MV infectious particles and to delay
the apoptosis induced by viral replication (23, 37). MVAC does
not induce autophagy. Thus, it presents a defect in replication
and is more apoptotic than the WT virus (23, 38). Former
studies have also indicated that another paramyxovirus, the
Sendai virus, induces apoptosis, lacking expression of the C

protein or containing a mutated C protein (39, 40). These re-
sults suggest that MV replication induces apoptosis and that
MV-C protein blocks this process via the modulation of virus
replication process or via interaction with yet to be determined
host factors.

To determine the MV-C interaction network with host pro-
teins, we captured both direct and indirect interacting proteins
of MV-C protein expressed during the infection. For this, we
used a strategy based on recombinant viruses expressing
tagged viral protein followed by affinity purification and a
bottom-up mass spectrometry-based proteomics analysis
(10). A list of specific MV-C protein—protein interactions (PPlIs)
was established in different cell lines, from which we validated
MV-C direct PPI with proteins that belong to the immunity and
cell death pathways. In particular, we uncovered MV-C direct
PPIs with the p65-iASPP protein complex that provide a
mechanism on how MV-C protein can control both immunity
and cell death responses.

EXPERIMENTAL PROCEDURES
Cells

HEK293T (human embryonic kidney), HelLa (adenocarcinomic hu-
man epithelial cells), A549 (adenocarcinomic human alveolar basal
epithelial cells), and Vero cells (African green monkey kidney cells)
were maintained in Dulbecco's modified Eagle's medium (DMEM),
high glucose, GlutaMAX (#61965, Fisher Scientific) supplemented with
10% fetal bovine serum (#35-0789-CV, Corning), and 100 units/ml of
penicillin and 100 pg/ml of streptomycin (#P4333, Sigma-Aldrich) at 37
°C in a 5% CO, humidified atmosphere.

The 293T KO cell lines were generated by cotransfection (lip-
ofectamine 2000, Invitrogen) of CRISPR-Cas9-expressing KO plas-
mids (p65: sc-400004-ko-2, iIASPP: sc-404703, p53: sc-416469, and
control: sc-418922 from Santa Cruz). The KO plasmids are a mixture
of three plasmids, each carrying a different guide RNA specific for the
target gene, as well as the Cas- and GFP-coding regions. Forty-eight
hours after transfection, GFP-positive cells were selected by cell
sorting. The depletion of target proteins was verified by Western
blotting.

Plasmid Constructions

For recombinant virus cloning, construction of plasmids pTM-
MVSchw, which contain an infectious MV cDNA corresponding to
the antigenome of the Schwarz MV vaccine strain, has been described
elsewhere (41).

To generate plasmids expressing a STrEP-tagged (WSHPQFEK)
MV-C with an additional transcription unit (ATU) in between the H and
L genes (ATUS, Fig. 1A), a two-step PCR-based strategy was used to
produce coding sequences for MV-C and the Red Fluorescent Protein
Cherry (Ch) with either N- or C- terminal One-STrEP-tags. First, the
One-STrEP-tag coding sequence was amplified by PCR from pEXPR-
IBA105 using different primer pairs to add a flexible Tobacco Etch
Virus protease linker (ENLYFQS) either at the N- or C- terminal to this
sequence. In parallel, DNA fragments corresponding to MV-C or Ch
coding sequences were amplified using pTM3-MVSchw or pmCherry
(Clontech) as a template. PCR products were finally combined and
then amplified in a second PCR to recover expected fused sequences,
that is, MV-C with either N-terminal or C-terminal One-STrEP-tag and
CH with only N-terminal One-STrEP-tag. These three amplicons that
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contained unique BsiWI and BssHII sites at their extremities were first
cloned in pCR2.1-TOPO plasmid (Invitrogen) and Sanger sequenced.
These plasmids were designated pTOPO/STrEP-C, pTOPO/C-STrEP,
and pTOPO/STrEP-Ch. Finally, sequences were introduced in the
ATUS of pTM3-MVSchw vector (41) after BsiWI/BssHII digestion. The
resulting plasmids were designated pTM3-MV/STrEP-C, pTM3-MV/C-
STrEP, and pTM3-MV/STrEP-Ch. All MV insertions respect the “rule of
six,” which stipulates that the number of nucleotides of MV genome
must be a multiple of six (42). Recombinant viruses were rescued, and
virus titers and single-step growth curves were determined as
described previously (41).

For protein complementation assay (PCA) based on the split lucif-
erase (N2H) vectors pSNL-N1 and pSNL-N2 expressing the nano-
luciferase (Nluc)1 and Nluc2, complementary fragments of Nluc linked
to the N-terminus of tested proteins were used (43). The ORFs
encoding for the selected proteins (Supplemental Table S1) cloned
into vector pDON223 (Gateway system, Invitrogen) by recombination
cloning (Gateway system, Invitrogen) were collected from human
ORFeome Collection v8.1 (a generous gift from Center for Cancer
Systems Biology, Dana-Farber Cancer Institute, Harvard Medical
School, Boston). The resulting entry clones were then transferred into
Gateway-compatible PCA destination vector pSNL-N1. The resulting
pSNL-N1-“C interactors” were sequenced using a forward primer
(5'-GCTGAAGATCGACATCCATGTC-3). The sequences were
compared with the human genome by performing a BLAST search to
identify the cDNA and the isoform when it is known. The in-frame
fusion with the Nluc1 fragment of Nluc was verified. The ORFs
encoding the MV-C protein and Muc? protein (mucin 7 was used as a
negative control) were cloned into the entry vector pDON207
(Gateway system, Invitrogen). They were transferred into the desti-
nation vector pSNL-N2 by Gateway cloning. The resulting pSNL-N2-C
and pSNL-N2-Muc7 were sequenced using a forward primer
(5'-CGGAGTGACCGGCTGGCGGCTG-3').

For bioluminescence resonance energy transfer (BRET) assay, we
used the pEYFP-C1/N1 plasmids encompassing EYFP tag in the N- or
C-terminal positions (Clontech). To obtain pNIuc-C1/N1 plasmids, the
pEYFP-C1/N1 plasmids were modified by replacing the EYFP with the
Nluc coding sequence. A simple PCR amplification strategy was used
to clone MV-C and p53 coding sequences in either pNluc-C1/N1 or
pPEYFP-N1 expression vectors. p53 was amplified from the spleen
cDNA library (Invitrogen). MV-C was amplified from pTM-Schwarz
using different primers: forward 5'-TTCGAATTCTATGTCAAAAACGGA
and reverse 5-TAAGCGCGCGTCGACTCAGGAGCTCGTGGAT,
digested with EcoRl and Sall DNA restriction endonucleases and
cloned in pNluc-C1 vector. A similar protocol was used to obtain
pNIuc-N1-MVC plasmid, except that primers were forward 5-TTA-
GAATTCGCCACCATGTCAAAAACGGAC and reverse 5-TAAGTC-
GACTGGGAGCTCGTCGTGGA and the vector was pNluc-N1. The
same protocol was repeated to obtain pEYFP-N1-p53 plasmid
encoding p53 with forward 5 -TTAGAATTCATGGAGCCGCAGTCAGA
and reverse 5-AATGTCGACGTCTGAGTCAGGCCCTTCTG primers.
The resulting plasmids were designated as Nluc-C, C-Nluc, and YFP-
p53. iIASPP-YFP was obtained by recombination cloning (Gateway
system), and pDON223-iASPP was then transferred into a Gateway-
compatible destination vector pEYFP-C1. Plasmids were Sanger
sequenced using the CMV promoter primer. pYFP-p65 which contains
EYFP reporter gene fused to p65 was a kind gift of Dr Hervé Bourhy
from Lyssavirus Epidemiology and Neuropathology Laboratory of
Institut Pasteur (44). BRET negative-control plasmids cSOD1-YFP,
SOD1-Nluc, and YFP-Nluc have been described elsewhere (45).

Viruses

The MV Schwarz vaccine strain (MVSchw, GenBank accession no.
AF266291.1) was described in Combredet et al. (41). rTM3-MV/STrEP-

C, FrTM3-MV/C-STrEP, and TM3-MV/STrEP-Ch plasmids were used to
rescue corresponding viruses using the helper cell-based rescue
system described in Combredet et al. (41). rIMVAC has been described
previously in Mura et al. (32). Virus stocks were produced by virus
multiplication on Vero cells at a multiplicity of infection (MOI) of 0.1.
Virus titers were determined by TCID50 titration on Vero cells as
described previously in Guerbois et al. (46).

Antibodies

As primary antibodies, we used rabbit polyclonal anti-MV-C (kindly
provided by Dr Kaoru Takeuchi [47]), a rabbit polyclonal NF-xB p65
antibody (ab16502, Abcam), a mouse monoclonal p53 antibody (PAb
240, Invitrogen), a mouse monoclonal antibody iASPP (sc-398566,
Santa Cruz), a mouse anti-p53 (556534, BD Biosciences), a mouse
anti-N mAb (clone 25; kindly provided by Pr Chantal Rabourdin-
Combe, [48]), monoclonal mouse Strep-tag antibodies (#34850, Qia-
gen), and a monoclonal anti-actin antibody (A5441, Sigma-Aldrich). As
secondary antibodies, we used for Western blot a goat anti-mouse
immunoglobulins HRP-conjugated (P0447, Dako) or anti-rabbit
(P0399, Dako), for immunofluorescence, a goat anti-mouse IgG (H +
L) secondary antibody Alexa Fluor 555 (#A31572, Thermo Fisher
Scientific) and a goat anti-rabbit IgG (H + L) highly cross-adsorbed
secondary antibody Alexa Fluor 647 (#A21240, Thermo Fisher Sci-
entific), and for flow cytometry analysis, an anti-Measles antibody,
nucleoprotein, clone 83KKIl, FITC-conjugated (#MAB8906F, Sigma-
Aldrich).

Western Blot Assays

A549, Hela, or HEK293T cells were mock-infected (treated with
media alone) or infected for 24 h with MV recombinant viruses at an
MOI of 1. Protein lysates were fractionated by SDS-PAGE on 4 to 12%
NuPAGE Bis-Tris gels (#WG1401BOX, Thermo Fisher Scientific) with
Mops running buffer (#NP0001, Thermo Fisher Scientific) and trans-
ferred to cellulose membranes (#10600018, GE Healthcare). Peroxi-
dase activity was visualized with SuperSignal West Pico PLUS
Chemiluminescent Substrate (#34580, Thermo Fisher Scientific).

Flow Cytometry

HEK293T, Hela, and A549 (2 x 10° cells per well) were plated in a
24-well plate and infected at an MOI 1 with the corresponding re-
combinant viruses. Cells were washed twice with Dulbecco's PBS
(#14190, Thermo Fisher Scientific) and 2% fetal calf serum and then
fixed in PBS containing 4% paraformaldehyde. Cells were per-
meabilized with Perm/Wash buffer (#554723, BD Biosciences), incu-
bated with the primary antibody anti-N at 4 °C for 30 min, washed in
Perm/Wash, and incubated with the secondary antibody anti-mouse.
Cells were washed twice with PBS 2% fetal calf serum before anal-
ysis by flow cytometry using a MACSQuant cytometer (Miltenyi Bio-
tec), and the analysis was performed with the software FlowJo
(version 7.6).

Affinity Purification of MV-C-Specific Protein Complexes

HEK293T, Hela, and A549 (2 x 107 cells per well) were mock-
infected (treated with media alone) or infected at an MOI of 1 for
24 h with MV-Schwarz, rTM3-MV/C-STrEP, rTM3-MV/STrEP-C, and
rTM3-MV/STrEP-Ch. Cells were washed twice with cold PBS and
lysed in 4 ml of the lysis buffer (20-mM Mops-KOH, pH 7.4, 120-mM of
KCI, 0.5% IGEPAL, 2-mM p-mercaptoethanol), supplemented with
complete EDTA-free protease inhibitor cocktail (#11836170001 or
#11873580001, Roche Diagnostics). Cell lysates were incubated on
ice for 20 min with gentle mixing every 5 min, and then clarified by
centrifugation at 16,000g for 15 min at 4 °C. The clarified cell lysates
were incubated for 2 h on a spinning wheel at 4 °C with 100 pl of
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StrepTactin Sepharose High Performance beads (#28935599, GE
Healthcare). Beads were collected by centrifugation (1600g for 5 min
at 4 °C) and washed twice for 5 min on a spinning wheel with 5 ml of
the washing buffer (20-mM Mops-KOH, pH 7.4, 120 mM of KClI, 2-mM
B-mercaptoethanol) supplemented with complete protease inhibitor
cocktail. Proteins were eluted using 200-ul StrepTactin elution buffer
with Biotin (#2-1019-025, IBA). Finally, eluted proteins were precipi-
tated overnight at 4 °C with trichloroacetic acid (12% final concen-
tration). Protein pellets were washed twice with ice-cold acetone and
resuspended in urea 8 M, 4% SDS final solution, or were analyzed
either by Western blotting or by LC-MS/MS. For each cell line, three
independent biological replicates of cell infection followed by affinity
purification of MV-C-specific protein complexes were performed.

LC-MS/MS Analysis

For MV-C-specific protein cocomplex (OUTPUTS), the digestion of
the protein pellets was resuspended in 45 pl of a urea 8 M/NH4HCO;
100-mM denaturation buffer and sonicated 2 x 1 min on ice. Cysteine
bonds were reduced with 50-mM tris (2-carboxyethyl) phosphine
(#646547, Sigma-Aldrich) for 1 h and alkylated with 50-mM iodoace-
tamide (#1114, Sigma-Aldrich) for 1 h at room temperature in the dark.
Samples were digested with rLys-C (#V1671, Promega) ratio 50:1
(protein:rLysC) for 3 h/37 °C and then digested with Sequencing
Grade Modified Trypsin (#v5111, Promega) ratio 50:1 (protein:trypsin)
overnight at 37 °C. The digestion was stopped with 4% formic acid
(FA) (#94318, Fluka) and digested peptides were purified with C18
Spin Columns Pierce (#89870, Thermo Fisher Scientific). Peptides
were eluted with 2x 80% acetonitrile (ACN)/0.1% FA. The resulting
peptides were SpeedVac-dried and resuspended in 2% ACN/0.1%
FA.

For input sample digestion, clarified cell lysates were processed as
described (49). Briefly, 30,000 molecular weight cut-off centrifugal
units (Amicon Centrifugal Filters, Merck) and collection tubes were
passivated in 5% (v/v) TWEEN 20, and all subsequent centrifugation
steps were carried out at 14,000g for 10 min. For each sample, 50 pg
of proteins were transferred into a filter unit and the lysis buffer was
exchanged with an exchanged buffer composed of 8 M urea, 0.2%
dichloroacetic acid (DCA), 100-mM ammonium bicarbonate, pH 8.0.
Disulfide bonds were reduced with 5-mM tris (2-carboxyethyl) phos-
phine for 1 h and then alkylated with 50-mM iodoacetamide in the dark
for 1 h. Finally, one exchange buffer and two washes with the
digestion buffer (0.2% DCA/50-mM ammonium bicarbonate, pH 8)
were performed before adding 100 pl of the digestion buffer containing
1:50 ratio of sequencing-grade modified trypsin. Proteolysis was
carried out at 37 °C overnight and peptide recovery was performed
with 50-mM ammonium bicarbonate, pH 8.0. DCA was removed by
acidification and phase transfer. Finally, dried peptides were resus-
pended in 2% ACN and 0.1% FA before LC-MS/MS analysis.

LC-MS/MS analysis of MV-C-specific protein complexes was
performed on a Q Exactive Plus Mass Spectrometer (Thermo Fisher
Scientific) coupled with a Proxeon EASY-nLC 1000 (Thermo Fisher
Scientific). Three hundred fifty nanograms of peptides were injected
onto a homemade 50-cm C18 column (1.9-pm particles, 100-A pore
size, ReproSil-Pur Basic C18, Dr Maisch GmbH, Ammerbuch-
Entringen) and eluted with a multistep gradient from 2 to 27% ACN
in 105 min, 27 to 50% ACN in 40 min, and 50 to 60% ACN in 10 min,
at a flow rate of 250 nl/min over 185 min. The column temperature was
set to 60 °C. MS data were acquired using Xcalibur software using a
data-dependent method. MS scans were acquired at a resolution of
70,000 and MS/MS scans (fixed first mass 100 m/z) at a resolution of
17,500. The automatic gain control (AGC) target and maximum in-
jection time for the survey scans and the MS/MS scans were set to
3E6, 20 ms and 1E6, 60 ms, respectively. An automatic selection of
the ten most intense precursor ions was activated (top 10) with a 45-s

dynamic exclusion. The isolation window was set to 1.6 m/z and
normalized collision energy fixed to 28 for higher energy collisional
dissociation fragmentation. We used an underfill ratio of 1.0% for an
intensity threshold of 1.7E5. Unassigned precursor ion charge states
as well as 1, 7, 8, and >8 charged states were rejected, and peptide
match was disabled.

LC-MS/MS analysis of clarified total lysates (INPUTS) was per-
formed on a Q Exactive Plus Mass Spectrometer (Thermo Fisher
Scientific) coupled with a Proxeon EASY-nLC 1200 (Thermo Fisher
Scientific). 1 pg of peptides were injected onto a homemade 50-cm
C18 column (1.9-pm particles, 100-A pore size, ReproSil-Pur Basic
C18, Dr Maisch GmbH, Ammerbuch-Entringen, Germany) and eluted
with a multistep gradient from 3 to 29% buffer B (80% ACN) in
135 min, 29 to 56% buffer B in 20 min, and at a flow rate of 250 nl/min
over 182 min. The column temperature was set to 60 °C. MS data
were acquired using Xcalibur software using a data-dependent
method. MS scans were acquired at a resolution of 70,000 and MS/
MS scans (fixed first mass 100 m/z) at a resolution of 17,500. The AGC
target and maximum injection time for the survey scans and the MS/
MS scans were set to 3E6, 20 ms and 1E6, 60 ms, respectively. An
automatic selection of the ten most intense precursor ions was acti-
vated (top ten) with a 45-s dynamic exclusion. The isolation window
was set to 1.6 m/z and normalized collision energy fixed to 28 for
higher energy collisional dissociation fragmentation. We used a min-
imum AGC target of 1.0E4 corresponding to an intensity threshold of
1.7E5. Unassigned precursor ion charge states as well as 1, 7, 8, and
>8 charged states were rejected, and peptide match was disabled.

Bioinformatics Analysis of LC-MS/MS Data

Raw data were analyzed using MaxQuant software version 1.5.0.30
(50) for output samples and version 1.5.1.2 for inputs using the
Andromeda search engine (51). The MS/MS spectra were searched
against two databases: the Human Swiss-Prot database (20,203 en-
tries from the UniProt, 18/08/2015) and the Morbillivirus Swiss-Prot
database (90 entries from the UniProt, 12/01/2016). Variable modifi-
cations (methionine oxidation and N-terminal acetylation) and fixed
maodification (cysteine carbamidomethylation) were set for the search,
and trypsin with a maximum of two missed cleavages was chosen for
searching. The minimum peptide length was set to seven amino acids,
and the false discovery rate (FDR) for peptide and protein identification
was set to 0.01. At least a unique peptide per protein group was
required for the identification of the proteins. The main search peptide
tolerance was set to 4.5 ppm and 20 ppm for the MS/MS match
tolerance. Second peptides were enabled to identify cofragmentation
events and match between runs option selected with a match time
window of 0.7 min for an alignment time window of 20 min. Quanti-
fication was performed using the XIC-based LFQ algorithm with the
Fast LFQ mode as described previously (52). Unique and razor pep-
tides, including modified peptides, with at least 2 ratio counts, were
accepted for quantification. Three MaxQuant analyses were computed
and analyzed separately to the three different cell lines studied (Hela,
A549, and HEK 293T cell lines), respectively.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (53) partner re-
pository with the data set identifier PXD015316.

Statistical Analysis

For the differential analyses, proteins identified in the reverse and
contaminant databases and proteins “only identified by the site” were
first discarded from the list of identified proteins. Then, only proteins
with three quantified intensity values in a condition were kept. After
log2 transformation of the leftover proteins, LFQ values were
normalized by median centering within conditions (normalizeD func-
tion of the R package DAPAR [54]). Remaining proteins without any
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LFQ value in one of both conditions have been considered as proteins
quantitatively present in a condition and absent in another. They have
therefore been set aside and considered as differentially abundant
proteins. Next, missing values were imputed using the imp.norm
function of the R package norm (Novo A. A. norm: Analysis of multi-
variate normal data sets with missing values. 2013 R package version
1.0-9.5). Proteins with a fold change under 2.0 have been considered
not significantly differentially abundant. Statistical testing of the
remaining proteins (having a fold change over 2.0) was conducted
using a limma t test (55) using the R package limma (56). An adaptive
Benjamini-Hochberg procedure was applied on the resulting p-values,
thanks to the function adjust.p of R package cp4p (57) using the
robust method of (56) to estimate the proportion of true null hypoth-
eses among the set of statistical tests. The proteins associated with
an adjusted p-value inferior to an FDR of 1% have been considered as
significantly differentially abundant proteins. Finally, the proteins of
interest are therefore those which emerge from this statistical analysis
supplemented by those which are considered to be present from one
condition and absent in another. For statistical analysis of output
samples for a protein to be considered as a positive hit, it needed to
be detected in each of the three biological replicates. For total lysate
(INPUTS) data analysis, positive hits are proteins that were detected in
at least two biological replicates.

Constructing the Human Protein-Protein Interactome

We assembled 15 commonly used databases, focusing on high-
quality PPIs with five types of evidence: (1) binary, physical PPls
tested by high-throughput yeast two-hybrid (Y2H) screening system,
combining binary PPIs tested from three publicly available high-quality
Y2H data sets (58-60), (2) literature-curated PPIs identified by affinity
purification followed by affinity purification mass spectrometry, Y2H,
and literature-derived low-throughput experiments; (3) binary, physical
PPIs derived from protein three-dimensional structures; (4)
kinase-substrate interactions by literature-derived low-throughput
and high-throughput experiments; and (5) signaling networks by
literature-derived low-throughput experiments. The protein-coding
genes were mapped to their official gene symbols based on Gene-
Cards (http://www.genecards.org/) and their Entrez ID. Computa-
tionally inferred interactions rooted in evolutionary analysis, gene
expression data, and metabolic associations were excluded. The
updated human interactome includes 243,603 PPls connecting
16,677 unique proteins and is 40% greater in size than the previously
used human interactome (61). The human protein—protein interactome
is provided in Supplemental Data (62).

PCA Based on the Split Luciferase

HEK293T cells were seeded in a white-bottom 96-well flat micro-
plate (#655083, CELLSTAR, Greiner Bio-One) at a concentration of
4.0 x 10* cells per well. After 24 h, cells were transfected using PEI
MAX (#24765-1, Polysciences) with 100 ng of pSNL-N2-C or pSNL-
N2-Muc7 and 100 ng of pSNL-N1-“C interactors.” At 24 h, post-
transfection media was removed and Nluc enzymatic activity was
measured using a Berthold Centro-XS luminometer by injecting 50 pl
of luciferase substrate reagent (#E2820, Promega) per well and
counting luminescence for 2 s. Results were expressed as relative
light units or as a fold change normalized over the sum of controls,
specified herein as normalized luminescence ratio (NLR). For a given
protein pair A/B, NLR = (Nluc1-A + Nluc2-B)/[(Nluc1-A + Nluc2) +
(Nluc1 + Nluc2-B)]. For the NLR validation experiment, each protein
pair was assessed three times or more. The NLR of the protein pair
was considered as ‘validated’ if above a threshold value of log(NLR) of
1.55 and above the upper limit of the confidence interval defined for
the Muc7/bait pairs.

BRET

HEK293T cells were seeded in 384-well (4000 cells/well) flat-bottom
pClear plates (#781097, Greiner Bio-One) coated with fibronectin
(#354008, BD Biosciences). Transfection of HEK293T cells was per-
formed at 80% confluence using 25 ng of each plasmid construction
mixed with 150 nl of FUGENE 6 (E2691, Promega) reagent per well.
Twenty four hours after transfection, fluorescence imaging measure-
ments were performed using an Operetta widefield HCS system
(Perkin Elmer) equipped with a Peltier-cooled CCD camera with 1.3
megapixels per frame, 14-bit resolution, and a 20x long working
distance objective lens with a 0.45 numerical aperture. Then, the
media was removed and replaced by DMEM without phenol red
(#21063029, Gibco, Switzerland), supplemented with the assay sub-
strate  Nano-Glo containing the furimazine at 200-fold dilution
(#N1110, Promega). The bioluminescence signal of Nluc donor and
the YFP acceptor emission were acquired using an EnVision Multi-
mode Plate Reader (Perkin Elmer) sequentially using a low and high
band-pass filter (460/25 nm, 535/25 nm), with an acquisition time of
0.5 s. In addition, emission spectral scans of the HEK293T cells
expressing recombinant Nluc fusions positive and negative control
were performed using a SpectraMax M5 fluorescence microplate
reader (Molecular Devices). Emission spectra were recorded from
350 nm to 700 nm using an integration time of 500 ms with 1-nm step
increments. All spectra were normalized to the luminescence value at
the emission maximum (449 nm) of Nluc. netBret was calculated using
the method outlined in Kim et al. (45).

Cf = BL(Acceptor filter)donor only
" BL(Donor filter)donor only
[BL(Acceptor filter)-Cf x BL(Donor filter)]
BL(Donor filter)

net BRET =

where BL is bioluminescent.

Experimental Design and Statistical Rationale

For each experimental condition, three biological replicates were
performed and analyzed each time. For mass spectrometry, MV-Ch—
infected cells were analyzed as a control to remove all nonspecific
interactions.

RESULTS

Generation and Characterization of Recombinant MV
Expressing a Tagged MV-C

To copurify MV-C with associated protein complexes from
infected cells, we expressed MV-C from MV genome with a
fusion tag allowing its capture. To reach this goal, we took
advantage of reverse genetics for cloning and rescuing
genetically modified MV (41) and of our specific proteomic
approach to study host-interacting partners of viral proteins in
infected cells (10). Both N- and C-terminal tags were consid-
ered. Sequences encoding the MV-C protein with N- or C-
terminal One-STrEP-tag were inserted into the pTM-MVSchw
plasmid that contains a full-length infectious MV genome (41).
Expressing additional copies of MV-C from infectious MV
appeared difficult. Indeed, expression from an ATU located
downstream of the P gene (ATU2) (Fig. 1A) was impossible
after numerous attempts for either N- or C-terminally tagged C
protein. Most rescued viruses either had stop codons that
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Fic. 1. Recombinant viruses express tagged MV-C proteins and replicate at high titers. A, schematic representation of recombinant virus
genomes. MV negative-sense RNA genome is displayed with its 3" end on the left, with the six genes indicated by capital letters and depicted as
rectangles. The additional transcriptional units encoding for One-STrEP-tagged MV-C (STrEP-C or C-STrEP) or mCherry protein (STrEP-Ch) are
inserted between H and L genes. The blue oval represents the One-STrEP-tag sequence. T7p is a T7 RNA polymerase promoter sequence, hh is
a hammerhead ribozyme, T7t is a T7 RNA polymerase termination signal, & is a hepatitis delta ribozyme. B, HelLa cells were infected with the
native MVSchw strain, or the rMV2/STrEP-C and rMV2/C-STrEP expressing the One-STrEP-tagged MV-C protein or the rMV2/STrEP-Ch
expressing the One-STrEP-tagged Ch protein. Expressions of native and One-STrEP-tagged MV-C proteins were determined by Western
blot using anti-C polyclonal and anti-STrEP tag monoclonal antibodies, respectively. Anti-MV-N antibody and anti-p-actin served as controls for
measles infection and loading, respectively. C, virus growth curves obtained for rMV2/STrEP-C and rMV2/C-STrEP and rMV2/STrEP-Ch. MV
Schwarz strain was used as a control. Vero cells were infected with MV Schwarz, rMV2/STrEP-C, and rMV2/C-STrEP, or rMV2/STrEP-Ch at an
MOI of 0.1. Cell-associated virions were recovered at each time point, and titers were determined using the TCID50 method. Two biological
experiments were performed, and each point represents the mean and SD of the two values. D, the efficiency of tagged recombinant virus
replication in HEK293T, Hela, and A549 cells analyzed by fluorescence-activated cell sorting. Cells were infected at MOI of 1. 24 h after
infection, cells were harvested, fixed, and stained using an anti-N antibody to measure the percentage of N positive cells. Experiments were
performed two times, and data represent the means + SD of the technical triplicates of the most representative experiment. MOI, multiplicity of
infection; MV, measles virus.
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Fic. 2. rMV3/STrEP-C and rMV3/C-STrEP recombinant viruses allow purification of MV-C-specific protein co-complexes. A, the
protocol used to purify STrEP-C and associated cellular proteins from the infected cell for MS analysis of MV-C-specific protein factors.
HEK293T, Hela, and A549 cells were infected with the corresponding recombinant tagged viruses. At 24 h after infection, cells were lysed, and
STrEP-C, C-STrEP, and STrEP-Ch were copurified with interacting cellular proteins using StrepTactin Sepharose beads. After two subsequent
washing steps, protein complexes were released from the beads and prepared for LC-MS/MS. B, HEK293 T cells were infected with rMV3/
STrEP-Ch, rMV3/STrEP-C, or rMV3/C-STrEP. Total lysates (INPUT) and MV-C-specific protein complexes (OUTPUT) were analyzed by
Western blot using the One-STrEP-tag antibody. Western blot analysis of -actin served as a control for loading and nonspecific binding. MV,

measles virus.

blocked the expression of the second copy of MV-C or
introduced numerous mutations within MV-C coding
sequence (data not shown). However, we succeeded in
introducing an additional copy of MV-C gene with N- or C-
terminal One-STrEP-tag in ATUS located downstream of the H
gene (Fig. 1A). Recombinant viruses encoding One-STrEP-
tagged MV-C protein were rescued, and polyclonal popula-
tion of each recombinant virus was obtained. Modified re-
combinant viruses were designated rMV3/C-STrEP and rMV3/
STrEP-C, respectively. As a negative control, we generated N-
terminally tagged recombinant virus expressing the red fluo-
rescent protein (Cherry, Ch) from ATUS3 (designated rMV3/
STrEP-Ch).

To validate the expression of MV-C and Ch-tagged proteins
from rMV3/C-STrEP, rMV3/STrEP-C, and rMV3/STrEP-Ch,
Hela cells were infected with recombinant viruses at an MOI
of 1, and protein expression was determined 24 h after
infection by Western blot analysis (Fig. 1B). Tagged MV-C and
Ch proteins were detected in infected cells using anti-Strep-
tag antibody and anti-C antibody, thus validating the expres-
sion of a second copy of MV-C protein by rMV3/C-STrEP and
rMV3/STrEP-C viruses (Fig. 1B). Transcription of additional
STrEP-C and C-STrEP genes was also controlled by RT-PCR
and Sanger sequencing analyses of total RNA extracted from
rMV3/C-STrEP and rMV3/STrEP-C-infected cells. We
observed that rMV3/C-STrEP was represented by a mixed

recombinant virus population with approximately 60% corre-
sponding to the rMV3/C-STrEP virus and other 40% recom-
binant MV possessed STOP codon at the beginning of C-
STrEP sequence, thus not interfering with STrEP-tag affinity
purification. Our polyclonal rMV3/STrEP-C virus-encoded
STrEP-C with an additional adenine nucleotide resulting in the
mutation of the last C-terminal 14 AA of C protein. Any addi-
tional attempts to obtain full-length STrEP-C encoded by MV
were unsuccessful. Owing to the numerous problems to
rescue perfect recombinant MV expressing additional copy of
MV-C protein, we decided to perform our mass spectrometry-
based MV-C interactomic analysis on two polyclonal pop-
ulations of the rMV3/C-STrEP and rMV3/STrEP-C viruses
described above and to apply additional conventional ap-
proaches to further validate this interactomic analysis.

We assessed the replication efficiency of One-STrEP-tag-
ged MV recombinant viruses by determining single-step
growth curves of rMV3/C-STrEP, rMV3/STrEP-C, and rMV3/
STrEP-Ch and by comparing them to standard MVSchw. We
infected Vero cells with the different One-STrEP-tagged vi-
ruses and MVSchw at an MOI 0.1. The growth of recombinant
viruses was similar to that of unmodified MVSchw, and titers
were comparable (Fig. 1C). To further test the potential impact
of an additional copy of MV-C gene on viral replication, we
compared the infection efficacy of HEK293T, Hela, and A549
cells by the recombinant viruses at an MOI 1 at 24 h after
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Fic. 3. Mass spectrometry analysis of MV-C interacting proteins. A, Venn diagrams representing the protein overlap among the three
different biological triplicates C-STrEP, STrEP-C, and STrEP-Ch in HEK293 T cells. B, correlation matrix obtained for the quality control of the
three biological replicates of MV-C Cterm, MV-C Nterm, and Ch conditions in HEK293T cells. C, Volcano plots obtained for the comparison of
the rMV3/STrEP-Ch and rMV3/STrEP-C, or rMV3/STrEP-Ch and rMV3/C-STrEP conditions in HEK293T cells. D, tables show the number of
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infection. Immunostaining of MV nucleoprotein and flow
cytometry analysis were used to detect infection (Fig. 1D).
Replications of rMV3/C-STrEP, rMV3/STrEP-C, and rMV3/
STrEP-Ch viruses were comparable in the three cell lines.
However, the Western blot analysis of tagged proteins pro-
duced by recombinant viruses suggested that more tagged
viral proteins were produced in HEK293T than in HelLa and
A549 cells (Supplemental Fig. S1). Altogether, recombinant
viruses expressing tagged MV-C protein or Ch efficiently
propagated in HEK293T, Hela, and A549 cells.

Identification of Host-Interacting Proteins of MV-C by
Affinity Purification and Shotgun Proteomic

To obtain a comprehensive list of direct and indirect inter-
actors of MV-C protein, we applied a previously validated
approach based on affinity purification coupled to mass
spectrometry analysis of protein cocomplexes (10). To gain a
larger spectrum of potential host-interacting proteins of MV-C
protein, the analysis was performed on three different cell
lines: HEK293T, HelLa, and A549. HEK293 is an extensively
validated cell line for high-throughput methods (10, 35,
63-66). A549 and Hela cells are both human cancer cells:
A549 (lung epithelial carcinoma) and Hela (cervical epithelial
adenocarcinoma) are interesting to study, considering the
oncolytic activity of MV. The three cell lines were infected with
rMV2/STrEP-C and rMV2/C-STrEP at an MOI of 1. Tagged
MV-C proteins were purified 24 h after infection by affinity
chromatography and copurified cellular proteins (OUTPUT)
were directly identified by nano-LC-MS/MS analysis (Fig. 2A).
Three independent infections on different days followed by
affinity chromatography purification of the MV-C protein
cocomplexes were performed for each of the three cell lines.
The efficiency of purification was controlled by Western blot-
ting (Fig. 2B). To distinguish between MV-C-associated pro-
teins and nonspecific binding to the beads, coaffinity
purification experiments in HEK293T, Hela, and A549 cells
were performed in parallel with the control rMV3/STrEP-Ch
virus (Fig. 1A).

To analyze the results, we first filtered reverse proteins and
potential contaminant proteins. Raw files were searched using
MaxQuant, and the generated protein groups further pro-
ceeded with our in-house statistical pipelines to identify the
interactors. Our pipeline contains multiple steps for the quality
control of the data before the statistical analysis. Figures were
generated to illustrate the quality of the data (Fig. 3, A and B
and Supplemental Fig. S2, A and B). We found large overlaps
between the three biological replicates, demonstrating the
robustness of our experimental approach. Further MV-C-
specific interacting proteins were determined by applying

additional bioinformatic and statistical analyses (Supplemental
Fig. S2C). We kept only proteins with at least 3 quantified LFQ
intensity values (LFQ, [52]) in each triplicate/condition. Then,
the second filter removed from the original list the proteins that
were only present in one condition and not to the other; this
means 3 values in one condition only. These proteins were
considered as a “present/absent.” Present/absent proteins
were automatically assigned as significantly enriched in the C-
STrEP or STrEP-C condition and are potential MV-C inter-
actors. Then, the remaining proteins were submitted to a dif-
ferential analysis using a limma t test to compare with the
negative control (STrEP-Ch). The corresponding p-values
were adjusted using an adaptive Benjamini-Hochberg
correction. Differential proteins were plotted in the volcano
plot (Fig. 3C and Supplemental Fig. S2, D and E). A cut-off of a
fold change of two and FDR threshold of 1% were selected for
this experiment to extract the statistically enriched proteins.
Finally, together the “present/absent” proteins and differen-
tially enriched proteins resulting from the statistical test were
assembled for each MV-C condition to represent the protein
of interest (Fig. 3D).

The similarity of proteins captured by MV-C N- and C-ter-
minal tags was studied by calculating Jaccard index between
Entrez IDs obtained in the three cell lines. We observed that
each cell types clustered together and resulted in 50 to 60%
overlap for N-terminal and C-terminal MV-C (Fig. 3E). Owing to
this high number of host-interacting proteins common for N-
and C-terminally tagged MV-C, the two sets of data for each
cell line were assembled together and further compared.
Although some cell-specific MV-C interacting proteins were
found, more than 50% of captured proteins were shared be-
tween the three different cell lines (Fig. 3F). A total of 1507,
1028, and 560 of specific interacting proteins for MV-C protein
were specifically captured in HEK293T, HelLa, and A549 cell
lines, respectively (Fig. 3F and Supplemental Tables S2 and
S3). These important numbers of MV-C interacting proteins
represent direct and indirect protein—protein and possibly RNA-
protein interactions within the MV-C specific co-complex.

Within this list, some direct interactors of MV-C were pre-
viously identified by Y2H, including 26S proteasome regula-
tory subunit 6A (PSMC3) and WD repeat-containing protein 26
(29). This confirms the sensitivity of our method. In contrast,
we failed to identify SHCBP1 interaction with MV-C (29).
Preferential localization of SHCBP1 to the nucleus upon
infection with the MVSchw in comparison with the mini-
genome (29) needs to be assessed and might explain the
failure to detect MV-C-SHCBP1 complex. Altogether, these
data show that our mapping strategy is sensitive and provides
reproducible data.

identified proteins at each step of the analysis. E, Jaccard matrix showing the similarity of proteins isolated after purification with either C-STrEP
or STrEP-C recombinant viruses in three different cell lines. The clustering is unsupervised and groups similar rows/columns together. F, Venn
diagram representing final numbers and the overlap in MV-C-specific interacting proteins for HEK293T, Hela, and A549 cells. MV, measles

virus.
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Topological and Pathway Analysis of MV-C/Host Protein
Interaction Network in HEK293T, HelLa, and A549 Cells

We first established a specific list of total proteins sepa-
rately for HEK293T, Hela, and A549 cell lines. For this pur-
pose, each cell line under study was either infected or not with
MVSchw at an MOI of 1 and lysed 24 h after infection. Total
protein lysates (INPUTS) were extracted and subjected to
shotgun proteomics (Fig. 4A). As described previously, we
performed bioinformatic and statistical analyses on total pro-
tein data and three cell-specific total protein lists were built,
comparing infected with noninfected conditions (Fig. 4A and
Supplemental Table S4). Because viruses hijack cellular net-
works by introducing several novel virus—host molecular in-
teractions, understanding viral infection mechanisms is
inherently a network problem. Thus, we next analyzed MV-C
protein interaction networks individually in HEK293T, A549,
or HelLa cell lines for specific topological features using
several standard network centrality measures (67). We first
asked whether host proteins that copurified with MV-C are
central in the human interactome network (68). Local (degree)
and global (betweenness) centrality measures were calcu-
lated. The degree of a protein in a network corresponds to its
number of direct partners and is, therefore, a measure of local
importance. Betweenness is a global measure of centrality, as
it measures the number of shortest paths (the smallest dis-
tances between any two proteins in the network) that go
through a given protein. The degree distribution of cellular
proteins copurified with MV-C was plotted and compared with
the distribution obtained for the rest of the human interactome
network of each cell type (Fig. 4B, Supplemental Figs. S3A
and S4A). These distributions were significantly distinct (o-
value < 4e x 107® under a Mann-Whitney test for HEK293T).
Thus, the cellular proteins that copurified with MV-C exhibit
much more cellular partners than normally expected by
chance. We also calculated and plotted the betweenness
centrality distribution for the cellular proteins that copurified
with MV-C (Fig. 4C, Supplemental Figs. S3B and S4B). This
distribution was significantly different from the one obtained
for the rest of human interactome network of each cell type (p-
value < 4.1 x 107*° for HEK293T). Thus, betweenness cen-
trality measures show that MV-C interacting partners are
enriched for proteins that connect multiple regions in the hu-
man interactome. Furthermore, we measured the eigenvector
centrality of MV-C host-interacting proteins. This approach
measures the influence of a node in a network. Relative scores
are assigned to all nodes in the network based on the concept

that connections to high-scoring nodes contribute more to the
score of the node in question than equal connections to low-
scoring nodes. For MV-C protein network, the observed
nodes were connected to many nodes that had high scores
(Fig. 4D, Supplemental Figs. S3C and S4C). Betweenness and
eigenvector centrality measures were shown to be highly
correlated with Pearson correlation coefficients ranging be-
tween 0.82 and 0.91. Hence, our network centrality metrics
supported the fact that MV-C interacting proteins are more
central in the human interactome and come in support of the
idea that they might play an important role in cellular
processes.

Furthermore, we explored whether MV-C interacting pro-
teins were forming cohesive subgraphs, as is generally
observed for “disease modules” (61). For this, we computed
the size of the largest connected component (LCC) of the
subgraph formed by the MV-C host-interacting proteins. We
then selected the same number of proteins at random in the
interactome and computed the size of the LCC, repeating the
process 1000 times. Finally, we computed a Z-score to
quantify the significance of the observed value, corresponding
to the number of SDs that the observed value departed from
the expected value of the random distribution. We found for
HEK293T a Z-score of 5 (N = 1158 of 1498 proteins in the
LCC, compare with 1045 + 23 expected at random), showing
that MV-C proteins form a cohesive disease module (Fig. 4E,
Supplemental Figs. S3D and S4D).

Next, we looked for functional differences between MV-C—-
specific interacting proteins in the three cell lines. We per-
formed a pathway enrichment analysis for MV-C-specific
interacting proteins in HEK293T, HelLa, and A549 cell lines
(Supplemental Fig. S5). This was performed using Kyoto
Encyclopedia of Genes and Genomes pathway analysis via
the DAVID database. We observed that MV-C interactors were
enriched in spliceosome, ribosome, and protein processing in
the endoplasmic reticulum, proteasome, oxidative phosphor-
ylation, Huntington's disease, and Epstein-Barr virus infection
pathways. Of note, no cancer cell-specific signature for HeLa
and A549 in comparison with the HEK293T cell line was
observed. We obtained a longer list of pathways enriched in
HEK293T cells that was likely due to the higher number of MV-
C—specific interactors than HelLa and A549 (Fig. 3F and
Supplemental Tables S2 and S3). This can be explained by a
better expression of tagged MV-C in HEK293T than in HelLa
and A549 cells (Supplemental Fig. S1). To further address the
cell-specific analysis of MV-C interacting proteins, we
extracted a list of highest degree nodes in the interactome for

betweenness (D) eigenvector centrality distributions of MV-C interaction partners and proteins from the rest of the interactome in HEK293T cell
line. Others correspond to detectable in HEK293T cell line proteins from (A). E, distribution of sizes of the largest connected component (LCC) of
random sets of proteins with the same number as MV-C interaction partners in the interactome of HEK293T. The arrow shows the observed LCC
for MV-C. F, ROC curves showing the enrichment in the immune system (IS) and cell death (CD) pathways (overall pathways) in HEK293T, Hela,
and A549 cells (see Supplemental Table S6). Curves above the diagonal indicate enrichment in true positive pathways (IS and SD). MV, measles

virus; ROC, receiver operating characteristic.
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each cell type (Supplemental Table S5). Several known cellular
high degree nodes such as YWHAQ, YWHAZ, YWHAH,
YWHAG, YWHAE, CDK1, CDK2, PRKACA, PPP1CA,
HSP90AB1, and HSP90AA1 were observed and represented
proteins implicated in the regulation of a large spectrum of
both general and specialized signaling pathways. Interest-
ingly, MAPK1, RELA, and EIF2AK2 were observed in the
highest degree node list for HEK293T, HelLa and A549; these
proteins are part of more specialized signaling pathways
related to immune response and cell death.

We tested the hypothesis that the two major cellular path-
ways which are Immune System and Cell Death pathways
(overall referred to as IS and CD) were specifically enriched in
the MV-C network for the three cell types (Supplemental
Tables S6-S9). For this, we performed a pathway enrich-
ment analysis on MV-C-specific networks in the three
different cell lines. Similarly to the topological analysis, the
total protein data set was used as a background for all path-
ways and disease gene enrichments (Fig. 4A and
Supplemental Table S8). Pathways were taken from MSigDB
v3.1 (69) and Wikipathways (70), with a total of 8690 sets of
genes. For each pathway, the significance of its overlap with
MV-C partners was assessed by computing a hypergeometric
p-value, with a background set to be the total protein data set
for each cell line. To test that IS and CD pathways were
overrepresented in the most enriched pathways, we
computed a receiver operating characteristic curve for each
cell type (Fig. 4F). We ranked pathways according to their p-
value, from the lowest to highest. We then plotted the receiver
operating characteristic curves, showing the enrichment in IS
and CD pathways (y axis, true-positive rate) in the top of the
list compared with other pathways (x axis, false-positive rate)
and showed the enrichment for the three cell types (Fig. 4F).
Altogether, topological analyses of the MV-C interaction
network demonstrate that MV-C preferentially interacts, either
directly or indirectly, with host proteins that are central in the
human interactome network. MV-C protein co-complexes
represent well-defined functional modules as assessed by
the enrichment for proteins sharing interactions. This is clearly
in line with the proposed role of MV-C in the regulation of
innate immune response and cell death pathways.

PCA to Study MV-C Direct Interacting Proteins Involved in
Immune Response and Cell Death Pathways

Based on the results of IS and CD pathway enrichment
analysis (Fig. 4F), hypothesis-driven selection of 119 MV-C-
specific interacting proteins was conducted (Supplemental
Table S1). In the human proteome, these proteins are con-
nected to each other in a PPl network where TP53 (p53) and

CDK2 play the role of hubs increasing connectivity between
the MV-C and cellular targets (Fig. 5A). To further specify PPIs
between MV-C and the selected host-interacting proteins
involved in cell death, immune response, and infectious dis-
ease pathways, we applied a PCA based on the split luciferase
(71). We used a modified version of the PCA approach
assigned NIucPCA for Nanoluc luciferase PCA (N2H, [43]). In
NIlucPCA, the luciferase activity is restored leading to lumi-
nescence signal when the two fragments of the Nluc are in
close contact (10 nm), resulting from the direct PPl between
the prey and the bait fused to Nluc luciferase fragments 1 and
2 (NL1 and NL2), respectively (Fig. 5B). Hundred and nineteen
potential interactors (Supplemental Table S1) were screened
against MV-C. These 119 host proteins were also screened
against an unrelated Muc7 protein as a negative control to
determine the cut-off of nonspecific binding. The Gaussian
repartition of the NLR of Muc7 and MV-C gave us a threshold
of two SDs at an log(NLR) of 1.55 that was applied to filter the
positive interactors (Fig. 5C). From the list of 119 MV-C-
specific interacting proteins, we validated the direct interac-
tion with MV-C for 45 host proteins (Fig. 5D). Thus, PCA
provided additional validation to the sensitivity and specificity
of our mass spectrometry approach and further narrowed the
list of specific MV-C protein network to its direct PPlIs.

BRET Method Confirms MV-C Direct PPIs With iASPP and
p65

We found high NIucPCA scores for p53, iASPP, and p65
(Fig. 5D) and further addressed their direct interactions with
MV-C. None of the selected proteins (p53, iIASPP, and p65)
have previously been described as a direct partner of MV-C.

To study MV-C PPIs directly in live cells with simultaneous
control of protein-expression efficacy, we applied the BRET
approach. With this aim, iASPP, p53, and p65 were fused with
YFP coding sequence, and MV-C was tagged with Nluc, either
N-terminal or C-terminal (Fig. 6A). BRET signals indicating
MV-C interaction with iIASPP, p53, or p65 were measured in
living cells 48 h after transfection of plasmids expressing YFP-
and Nluc-tagged proteins at different concentration ratios of
DNA. As positive and negative controls, we used EYFP fused
to Nluc and superoxide dismutase 1 (SOD1) fused with the
Nluc C-terminally, respectively. For each protein pair, we
calculated the NetBret that represents the direct biolumines-
cence from the donor (Nluc) and the acceptor (NlucY)
normalized to the SOD1-Nluc control (Fig. 6, B and C). We
observed that for every studied protein, the netBret value
increased while the expression of the donor increased
(Fig. 6C) and thus the ratio MV-C:interactor decreased.
The NetBret values were similar for MV-C-tagged C- or

with corresponding superimposed fitted Gaussian curves. For the MV-C PCA, each protein pair was assessed in three biological replicates and
for Muc? in two biological replicates. The threshold of two SDs corresponding to the log(NLR) of 1.55 was applied based on Gaussian repartition
of the log(NLR) of Muc7 and MV-C. D, the list of 45 MV-C protein interactors validated by PCA. MV, measles virus; Nluc, nanoluciferase; PPI,

protein—-protein interaction.
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N-terminally with the Nluc. Thus, similar to tagged protein
affinity purification results (Fig. 3E), the interaction was not
influenced by the tag and both N- and C-terminal-tagged MV-
C interacted at the same level. MV-C protein interactions with
iIASPP and p65 presented a significantly high value of netBret,
whereas MV-C interaction with p53 demonstrated low values.
Thus, we failed to validate p53 direct PPI with MV-C by BRET
(Fig. 6C). However, we kept p53 protein for further functional
studies as a failure in a single PPl assay does not completely
exclude the direct PPI observed by the PCA approach.

Functional Analysis of iASPP, p65, and 53 Roles in MV
Replication

We first infected HeLa or HEK293T cells with recombinant
viruses expressing tagged MV-C to validate by affinity chro-
matography purification coupled to Western blot analysis PPIs
of MV-C with p65, iIASPP, and p53 during infection (Fig. 7A).

We then investigated the functional roles of IASPP, p65, and
p53 in MV replication. We used HEK293T cells to generate
additional cell lines with targeted deletion of PPP1R13L
(IASPP), RelA (p65), and TP53(p53). We validated the KO
HEK293T cells by Western blot (Fig. 7B). Then we assessed
the replication efficiency of MVSchw by determining viral
growth curves. There was no effect on MV replication with p65
expression absent, whereas MV replication was almost
completely blocked in iIASPP KO and p53 KO cells compared
with control (Ctrl) HEK293T cells (Fig. 7C, top panel). In the
same experiment, we tested the replication of rMVAC avail-
able in our laboratory, which is deficient in C protein expres-
sion (32). Linear regression models with three factors (time,
p65, or Ctrl, MV or MVAC) were estimated to compare
MVSchw and rMVAC viruses' replication in Ctrl and p65 KO
cell lines (Fig. 7C, bottom panel). Student t tests were used to
test the nullity of coefficients related to each factor. Consid-
ering all time points, the coefficient related to MV/MVAC is
significantly not null (p = 8.50e-05), which shows a significant
difference of the virus growth in p65-/- and Cirl cells, whereas
the coefficient related to p65/Ctrl is less significantly nonzero
(p = 0.13). Next, we compared the time dynamics of virus
growth for MV and MVAC cells from 36 h after infection by
estimating linear regression models with interactions between
the time and the p65/Ctrl factor. Quite interestingly, we found
no significant effect for the time, the p65/Ctrl factor, and their
interaction for MV-infected cells, whereas we found significant
effects for all model parameters for MVAC-infected cells: p-
values corresponding to the test of the nullity of the interaction
factor between the time and p65/Ctrl are displayed on the

graph. It shows that the time dynamics of virus growth is
significantly different for p65 MVAC cells from 36 h after
infection than for Ctrl MVAC cells. More precisely, MVAC
growth is decreasing with time in Ctrl cells, whereas it remains
constant in p65 KO cells on this time range (Fig. 7C, bottom
panel). No rescuing of rMVAC replication was observed in
iIASPP KO and p53 KO cells (data not shown). Thus, our
functional experiments with iASPP KO and p53 KO cells
suggest an essential role of these two proteins on MV repli-
cation and a negative role of p65 protein on rMVAC replication
that is no longer observed when MV-C is present.

DISCUSSION

This study aimed to establish the MV-C protein network of
interactions in MV-infected cells. We used a strategy based on
recombinant viruses expressing tagged viral proteins followed
by affinity purification and a bottom-up mass spectrometry—
based proteomics (10). This proteomic approach allowed us
to obtain a list of MV-C-specific host partners interacting via
direct or indirect PPIs. In addition, the high number of posi-
tively scored MV-C interacting proteins could also be
explained by RNA-protein interactions, as our affinity chro-
matography purification protocol did not include a nuclease
digestion step. By performing topological and signaling
pathway-oriented analyses of MV-C host-interacting proteins,
we observed that MV-C was embedded in a complex host
interactome. Of note, we observed an enrichment for RNA-
associated processes that further indicate a role for RNA-
protein interactions within the MV-C—specific complex. In the
future, additional affinity purifications in the presence of nu-
cleases such as RNases should be performed to separate MV-
C-specific protein—protein and RNA-protein interactions.
Advanced computational tools recently developed in network
biology highlighted the immunity and cell death pathways as
specifically enriched in the MV-C network for the three cell
types tested: HEK293T, Hela, and A549 (Fig. 4F). Further-
more, we mainly focused on these two cell pathways (immune
system and cell death), as MV vaccine and modified recom-
binant MV strains are of high application in vaccinology and in
cancer treatment.

To validate and to specify PPIs found by our MS approach,
we applied two unbiased approaches to study PPls: PCA
based on the split luciferase and BRET. PCA allowed us to
validate that from a list of 119 host proteins that form a spe-
cific protein co-complex with MV-C upon infection and belong
to cell death, immune response, and infectious disease
pathways, 45 proteins were likely direct interactors (Fig. 5D).

between Nluc-tagged host proteins and YFP-tagged viral proteins of each protein. netBret represents the acceptor/donor ratio by dividing the
initial fluorescence measurements (530 nm) by the luminescence measurements (485 nm) and subtracting out background luminescence (BRET
readings in cells expressing the donor without any acceptor). The gray and yellow triangles, respectively, correspond to the concentration of
acceptor and donor plasmids that varies according to the plasmid ratio. Error bars represent +SEM of four biological replicates. Statistical
significance for each protein pair was determined by two-way ANOVA (*p < 0.05, **p < 0.01, **p < 0.001). BRET, bioluminescence resonance
energy transfer; PPI, protein—protein interaction; Nluc, nanoluciferase; SOD1, superoxide dismutase 1.
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However, we cannot totally exclude that some detected pairs
were indirect interacting proteins. Thus, the PCA provided
additional validation to the sensitivity and specificity of our
mass spectrometry approach and further narrowed the MV-C
protein network to its direct PPlIs.

p53, IASPP, and p65 were three host factors that drew our
attention as they possessed the highest luciferase scores in
PCA (Fig. 5C). Their interactions with MV-C were further
studied by BRET approach. None of these proteins (p65, p53,
and iASPP) has previously been described as a direct partner
of MV-C. p65, p53 and iASPP proteins interact with each
other. Indeed, iIASPP inhibits p53-mediated apoptosis (72, 73)
and binds RelA/p65 to inhibit its transcriptional activity (74,
75). These two binding partners of iASPP explain why under
certain conditions iIASPP may have proapoptotic and anti-
apoptotic effects, depending on iASPP regulation of p53 or
RelA/p65, respectively. High netBret values confirmed MV-C
protein interactions with iIASPP and p65 (Fig. 6C). However,
we failed to validate MV-C interaction with p53 by BRET
analysis. Indeed, p53 demonstrated low netBret values that
were comparable with the negative control (SOD1). As no
single PPI assay is exceptionally superior to any other, addi-
tional PPI approaches should be applied to further examine
the possibility of direct PPl between p53 and MV-C. In addi-
tion, we validated MV-C specific PPl with iASPP, p53, and
RelA/p65 in infected cells (Fig. 7A). Thus, iASPP, p53, and
RelA/p65 proteins are in complex with MV-C in MV-infected
cells.

To further demonstrate the functional relevance of the PPIs
found for MV-C, we generated iASPP KO, p53 KO, and p65
KO cells and assed MV replication. Depletion of iASPP and
p53 proteins led to almost complete abrogation of viral repli-
cation in the corresponding KO cells, suggesting an essential
role of these two host proteins on MV replication. In p65 KO
cells, MVSchw virus replicated as efficiently as in the control
cell line (Fig. 7C, top panel). We next assessed replication of
rMVAC in p65 KO and Citrl cells. Significant reduction of
rMVAC replication was observed in Ctrl and p65 KO cells. This
could be explained by the previously described accumulation
of DI RNA genomes in cells infected by rMVAC (21, 32). In
addition, the suggested role of MV-C protein in control of the
cell apoptosis could also explain the observed difference in
MVSchw and rMVAC replication (23, 38). Importantly, when
rMVAC was assessed in p65 KO cells, its replication was
partially rescued (Fig. 7C, bottom panel). This result implies
the key positive role of the direct p65-MV-C PPl interaction on
MV replication. Previous studies suggested that MV-V binding
to p65 could suppress NF-kB promoter activity (76). For MV,

both virulence factors MV-V and MC-C interact with the same
host proteins (p53 and p65). We believe that this multiple
targeting of the same host protein contributes synergistically
to the control of the same cellular pathway. However, future
studies should depicture detailed molecular mechanisms that
are behind MV-C binding to p65.

Viral virulence factors are embedded into a complex host
interactome, enabling the virus to control the host cell to
provide efficient viral replication. MV-C is such an example.
We applied various PPl approaches that allowed us to glimpse
the interplay of the dual-functional role of MV-C in controlling
both cell death and host innate immune responses. We
believe that our results provide first solid support for further
studies that will focus on precise molecular mechanisms by
which MV-C controls the host cells.
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