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ABSTRACT

It has been recently shown that many proteins are
lacking from reference databases used in mass spec-
trometry analysis, due to their translation templated
on alternative open reading frames. This questions
our current understanding of gene annotation and
drastically expands the theoretical proteome com-
plexity. The functions of these alternative proteins
(AltProts) still remain largely unknown. We have de-
veloped a large-scale and unsupervised approach
based on cross-linking mass spectrometry (XL-MS)
followed by shotgun proteomics to gather informa-
tion on the functional role of AltProts by mapping
them back into known signalling pathways through
the identification of their reference protein (Ref-
Prot) interactors. We have identified and profiled
AltProts in a cancer cell reprogramming system:
NCH82 human glioma cells after 0, 16, 24 and 48
h Forskolin stimulation. Forskolin is a protein ki-
nase A activator inducing cell differentiation and
epithelial-mesenchymal transition. Our data show
that AItMAP2, ARTRNAU1AP and ARREPHAS5 interac-
tions with tropomyosin 4 are downregulated under
Forskolin treatment. In a wider perspective, Gene On-
tology and pathway enrichment analysis (STRING)
revealed that RefProts associated with AltProts are
enriched in cellular mobility and transfer RNA reg-
ulation. This study strongly suggests novel roles of
AltProts in multiple essential cellular functions and
supports the importance of considering them in fu-
ture biological studies.

INTRODUCTION

It is accepted that the eukaryotic mature messenger ri-
bonucleic acids (mRNAs) are monocistronic, leading to the
translation of a single protein product. According to the
rules described by Kozak (1), the coding DNA sequence
(CDS) region is the longest nucleotide sequence flanked on
each side by a START and a STOP codon. The CDS defines
the reference open reading frame (RefORF) that is trans-
lated into a protein. Nevertheless, the proteome has been
shown to be more complex than initially expected. Indeed,
>10% of proteomic data remain unmatched by interroga-
tion of reference protein (RefProt) databases; however, the
quality of the tandem mass spectrometry (MS/MS) data is
sufficient (number of characteristic fragment ions) to lead
to protein identification. These unmatched data were used
to demonstrate that proteins encoded by alternative ORFs
(AItORFs) can be translated from the mRNA, in addi-
tion to the predicted protein encoded by the RefORF (2).
These AItORFs are translated to so-called alternative pro-
teins (AltProts) that altogether are considered as a hid-
den or ghost proteome. AltProts can be issued from dif-
ferent parts of mRNAs, including SUTR, 3UTR, over-
lapping regions between SUTR and CDS or CDS and
3'UTR, and +2 and +3 frameshifts in the CDS. Therefore,
they are separated into three groups: AItORF5SUTR, Al-
tORFCDS and AlItORF3'UTR. As supported by differ-
ent studies and given the more permissive AItORF anno-
tation rules, it is expected that AltProts outnumber Ref-
Prots in terms of diversity (2,3). Moreover, high-throughput
genome and transcriptome sequencing have led to validate
an important number of small ORFs (sORFs) containing
<100 codons that were previously arbitrary considered as
non-coding. The translation of these SORFs into peptides
or small proteins (microproteins, SEPs) was demonstrated
by different strategies such as ribosome profiling (4,5) and
peptidomics combined to massively parallel RNA-seq (6).
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Since protein databases used in large-scale proteomic ap-
proaches [e.g. UniProt (7) or NCBI (8)] are built on ge-
nomic annotations, AltProts have been missing and hence
could not be identified through MS-based proteomics. Con-
sidering these accumulating evidences, the genome anno-
tation and protein translation dogma had to be reconsid-
ered, and the development of new databases including the
AltProts was then a mandatory step to their identification
in large-scale proteomic studies. Over the past years, sev-
eral initiatives have led to predict and annotate AltProt se-
quences. Recently, the OpenProt database has been pub-
licly released and can be used to identify AltProts in large-
scale proteomic datasets (9). In silico studies using these Alt-
Prot databases show that the average AltProt size, and thus
molecular weight, is lower than their reference counterpart
with ~57 versus ~344 amino acid length for the AltProts
and the RefProts, respectively (2,10). Before the advent of
these new databases, a few AltProts have been nonetheless
reported; however, they have been considered as an epiphe-
nomenon despite showing central biological functions (11).
The implementation of AltProt database interrogation in
large-scale proteomic experiments has opened the way to
their massive identification moving forward with the char-
acterization of their physiological and physiopathological
role [e.g. ovarian cancer (12), brain physiome (13) and viral
infection (14)]. Not only AltProts are believed to have a cen-
tral role in signalling pathways, but it was also demonstrated
that some of them (e.g. AItMRVII) were showing higher ex-
pression than the RefProts though with shorter half-lives
(10).

As of today, numerous AltProts have been identified
but very few studies have been focusing on their func-
tions, which hence remain largely unknown. Recently, it
has been described that the ‘Humanin’ AltProt could be
involved in Asian population longevity (15), while other
AltProts would play a role in the metabolism regula-
tion (16). The acquired data and knowledge on AltProts
support their involvement in the regulation of protein
expression, though this assumption must be confirmed.
However, investigating AltProt functions remains challeng-
ing. Since there is no commercial antibody raised against
AltProts available yet, most conventional strategies such
as co-immunoprecipitation cannot be used. Moreover, a
candidate-by-candidate targeted strategy is very time con-
suming and cannot depict the AltProts’ global organiza-
tion at a cellular scale. In that sense, large-scale and unsu-
pervised approaches should be preferred. In particular, us-
ing an unsupervised approach to identify the AltProt inter-
action partners and assigning them in known protein net-
works and signalling pathways is one approach to get in-
sights into their functions.

Over the past decade, various methods have been de-
veloped to detect protein—protein interactions (PPIs). MS-
based proteomic strategies are particularly well suited for
measuring PPIs at a larger scale from a limited amount
of complex mixture (17). This includes affinity purification
(18) and tandem affinity purification (19,20), proximity la-
belling (21) such as APEX (22) and BiolD (23-25), viral
particle sorting approach (Virotrap) (26) and cross-linking
mass spectrometry (XL-MS) (27,28). XL-MS is based on
the formation of covalent bonds using a chemical linker

of a defined length to freeze the interaction between part-
ners. In the XL-MS strategy, the sample is first submitted
to cross-linking, which is followed by enzymatic digestion
and subsequent liquid chromatography—mass spectrome-
try (LC-MS) analysis. The MS/MS data gathered during
the LC-MS run are then used to identify the interacting
peptides and deduce the PPIs. Both intra- and interprotein
cross-links are observed depending on the protein confor-
mation, its interaction and the length of the cross-linker.
Very advantageously, XL-MS not only provides knowledge
on the interaction partners but can also be used to predict
the structure of the protein or the protein complex, most
often in combination with other modalities such as molecu-
lar modelling, X-ray crystallography, nuclear magnetic res-
onance spectroscopy and cryo-electron microscopy (cryo-
EM). The latter provide higher structural resolution than
XL-MS but the analyses are performed from large amounts
of highly purified proteins or complexes not in their native
environment and only representing a static snapshot of a
protein without consideration for the cell dynamic. There-
fore, despite lower structural resolution, XL-MS appears as
a straightforward strategy with a wide range of applications
to provide structural information on protein complexes as
they exist within a biological system. For a decade, XL-MS
development has faced several challenges. The first caveat
sits in the difficulty of interpreting MS/MS data generated
by two cross-linked peptides. This can be overcome by using
CID cleavable cross-linkers such as the commercialized dis-
uccinimidyl sulfoxide (DSSO) (29) and disuccinimidyl dibu-
tyric urea (DSBU) (30). Another issue derives from the low
abundance of cross-linked versus non-cross-linked peptides
that limits their detection during the LC-MS analysis. To
get over this hurdle, various methodologies have been pro-
posed to enrich cross-linked peptides, including size exclu-
sion chromatography, ion exchange using either cartridges
or columns (31) and affinity purification for tagged cross-
linkers (32-34). At last, data analysis is far more complex
in XL-MS experiments than in conventional shotgun pro-
teomics and requires dedicated software and platforms (35—
40). So far, finding PPIs from all identified proteins versus
the entire protein database is still not possible due to lim-
ited computational power in conventional labs. However,
searching for candidates against the database is feasible. An-
other important aspect to be careful about the data analysis
is the possible misassignments (41). Some of the most ad-
vanced tools for XL-MS data analysis such as X/inkX com-
puting node (42), which can be included within the usual
proteomic identification pipeline of Proteome Discoverer 2.2
(PD2.2), are designed to avoid misassignments and include
a score of false discovery rate (FDR) for the cross-link iden-
tification. With all this progress, robust XL-MS workflows
have emerged and are routinely in use by different groups
(43-46). Very interestingly, it has been shown that XL-MS
could be performed in cellulo if picking up a cross-linker dif-
fusing through cell or cell compartment membranes (47,48).
Because XL-MS is truly unsupervised, unlike other MS-
based strategies that at least require the knowledge of a bait
candidate, it is a well-suited strategy in investigating the role
of AltProts. We recently re-analysed HeLa cell data (49) to
demonstrate the importance of AltProts in multiple cellular
compartments and processes. This analysis has confirmed
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the potential of XL-MS strategies to get new insights into
AltProt functions (49).

In this work, we applied XL-MS to study the role of Alt-
Prots during cancer cell reprogramming. To address this
question, we stimulated glioma cells with Forskolin that ac-
tivates the enzyme adenylate cyclase and increases the in-
tracellular level of cyclic AMP (cAMP). Among the cAMP
effectors, the role of protein kinase A (PKA) in the regu-
lation of multiple cellular processes has been highlighted
in several studies. Thus, PKA and downstream regulators
are involved in promoting cell differentiation by the acti-
vation of epithelial-mesenchymal transition or conversely
the mesenchymal—epithelial transition (50,51). In glioblas-
toma tumours, the maintenance of the cancer cell differenti-
ation status is dependent on cAMP/PKA signalling (51,52).
Combined shotgun proteomics and XL-MS were used to
identify AltProts, their interaction partners and their sig-
nalling pathways. The XL-MS workflow was optimized
from NCHS82 human grade IV glioma cells to enable XL-
MS to be performed on nuclear and cytoplasmic fractions.
The resulting network was then enriched based on the in-
teractions already described in the literature. By comparing
these networks and their combinations, functions can then
be suggested for the identified AltProts as a result of the bio-
logical process in which they are involved. Here, we demon-
strate for the first time the AltProt regulation in response to
PKA-induced phenotypic modifications.

MATERIALS AND METHODS
Chemicals and materials

DSSO, Dulbecco’s modified Eagle’s medium (DMEM),
foetal bovine serum (FBS), L-glutamine, penicillin, strep-
tomycin and phosphate-buffered saline (PBS) were ob-
tained from Thermo Fisher Scientific (Les Ulis, France).
Formic acid (FA), HPLC grade water, trifluoroacetic acid
(TFA), acetonitrile (ACN), methanol, ethanol, acetone
and trichloroacetic acid were all purchased from Biosolve
(Dieuze, France). DL-Dithiothreitol (DTT), iodoacetamide
(IAA), chloroform, dimethyl sulfoxide (DMSQO), ammo-
nium bicarbonate (AB), 4-(2-hydroxyethyl)piperazine-1-
ethane sulfonic acid, N-(2-hydroxyethyl)piperazine-N-(2-
ethane sulfonic acid) (HEPES), sodium chloride (NaCl)
and magnesium chloride (MgCl,) were obtained from
Sigma-Aldrich. Tris was purchased from Bio-Rad (Steen-
voorde, France). Extraction Illustra triplePrep Kit was from
GE Healthcare. LysC/trypsin was obtained from Promega
(Charbonnieres-les-Bains, France). Amicon centrifugal fil-
ters and C18 ZipTip pipette tips were from Merck Millipore
(Merck KGaA, Darmstadt, Germany).

Cell culture

NCHS82 and U87-MG human glioma cell lines were grown
as monolayers up to 80-90% confluency in complete me-
dia [high-glucose DMEM supplemented with 10% heat-
inactivated FBS, 100 U/ml penicillin, 100 pg/ml strepto-
mycin and 2 mM L-glutamine (Sigma-Aldrich)], before har-
vesting and passing in a new flask. The cells were kept at
37°C in humidified air containing 5% CO,. NCHS82 cells
<500 000 for the time course and over 1 million for the total
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analysis (1 x 10® per T75 flask) were stimulated in DMEM
complete media for 16, 24 or 48 h supplemented with 50 M
Forskolin (BIOTREND Chemicals AG), a cell-permeable
activator of adenylyl cyclase that leads to an increase in
intracellular concentration of cAMP and, consequently, to
PKA stimulation. Forskolin was prepared as 50 mM stock
solution in DMSO.

Shotgun proteomics

For whole cell analysis, protein extraction was carried out
using the Illustra triplePrep Kit (GE Healthcare 28-94259-
44) to separate DNA, RNA and proteins. The isolated pro-
tein fraction was kept for large-scale shotgun proteomics.
The protein extraction, reduction/alkylation and enzymatic
digestion were performed using the FASP method (53).
Briefly, the sample was in 30 pl of 8 M urea in 0.1 M
Tris/HCI, pH 8.5 (UA buffer), and an equivalent volume
of 100 mM in UA DTT. The sample was then incubated for
40 min at 56°C. Total proteins were loaded onto 10 kDa
Amicon filters, supplemented with 200 pl of UA buffer and
centrifuged for 15 min at 14 000 x g. Then, 100 wl of 0.05
M ITAA in AU was added and incubated for 20 min in the
dark before centrifugation for 15 min at 14 000 x g. Finally,
a 0.05 M ammonium bicarbonate solution in water (AB)
was added and centrifuged for 15 min at 14 000 x g twice.
For the digestion, 50 wl LysC/trypsin at 20 pg/ml in AB
buffer was added and incubated at 37°C overnight. The di-
gested peptides were then recovered after centrifugation for
15 min at 14 000 x g after transferring the filter into new
tubes, reconstitution in 50 wl of AB buffer, followed by a
second centrifugation step for 15 min at 14 000 x g. The
eluted peptides were then acidified with 10 pl of 0.1% TFA
and vacuum dried.

Cellular cross-linking

The separation between cytoplasm and nuclei was carried
out according to the method described by Liu et al. (48).
Briefly, the pellet of 2 million cells was recovered in 100 pl
of stabilizing buffer (10 mM HEPES, 10 mM KCl, 1.5 mM
MgCl,, 0.5 mM DTT, 0.4% NP-40, pH 7.8) containing pro-
tease inhibitors (AEBSF 2 mM, phosphoramidon 1 pM,
bestatin 130 pM, 14 uM E-64, 1 pM leupeptin, 0.2 pM
aprotinin, 10 pM pepstatin A), incubated on ice for 10 min
and centrifuged at 3200 x g for 10 min. The supernatant
was discarded, and the pellet was resuspended in 100 wl of
buffer (20 mM HEPES, 150 mM NacCl, 1.5 mM MgCl,, 0.5
mM DTT, pH 7.8) containing the protease inhibitor. The
cells were lysed by three cycles of sonication of 30 s each
at 50% of the maximum power, on the ice. The extract was
then centrifuged for 20 min at 13 800 x g to remove cell de-
bris. 500 mM stock solution of DSSO cross-linker was pre-
pared in DMSO. The cross-linking reaction was performed
on the nuclear fraction at a concentration of 1 mM DSSO
cross-linker by addition of 2 .l of the DSSO stock solution
in 100 pl of sample (~100-fold excess of cross-linker). The
reaction was then carried out at room temperature under
gentle stirring and stopped after 1 h by adding 2 pl of 500
mM Tris pH 8.5 solution and gentle stirring for 20 min for
quenching the N-hydroxysulfosuccinimide function of the
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cross-linker. After reaction stopping, the sample was vac-
uum dried. Cross-linked proteins were suspended in 30 .l
of 8 M urea, loaded onto 30 kDa Amicon filters and pro-
cessed according to the FASP protocol described in the pre-
vious section.

LC-MS/MS analysis

The samples were reconstituted in 20 wl of 0.1% TFA aque-
ous solution and desalted using a C18 ZipTip (Millipore,
Saint-Quentin-en-Yvelines, France). They were eluted from
the ZipTip using 20 w1 of ACN/0.1% aqueous TFA (80:20,
v/v) and then vacuum dried. For LC-MS analysis, samples
were reconstituted in 0.1% FA in water/ACN (98:2, v/v),
and separated by reverse-phase LC using a nanoAcquity
UPLC equipped with a C18 pre-column (180 pm ID x 20
mm length, 5 wm PD, Waters) and a Peptide BEA C18 col-
umn (25 cm length, 75 pm ID, 1.7 pm PD, Waters). Separa-
tion was performed using a linear gradient starting at 95%
solvent A (0.1% FA in water) and 5% solvent B (0.1% FA in
ACN) up to 70% solvent A and 30% solvent B for 120 min
at 300 nl/min. The LC system was in line with a Thermo
Scientific Q-Exactive mass spectrometer set to select up to
the 10 most intense precursors in data-dependent acquisi-
tion mode for fragmentation, with a voltage of 2.8 kV. The
survey scans were set to a resolving power of 70 000 at full
width at half-maximum (m2/z 400), in positive mode and us-
ing an AGC target of 3E+6. For the shotgun proteomics, the
instrument was set to perform MS/MS only from >+2 and
<+8 charge state but for XL-MS experiments where larger
peptides are measured only >+3 charge state ions were se-
lected, excluding unassigned load states, +1, +2 and >+8.

Shotgun proteomic data analysis

Raw data obtained from the nLC-MS/MS run were treated
using MaxQuant v1.6.1.0 using the LFQ (label-free quan-
tification) annotation of the protein identified. UniProtKB
database for reviewed human proteins of April 2018 con-
taining 20 303 protein sequences was used. Statistical analy-
ses were carried out using Perseus software after filtering for
‘reverse’ and ‘contaminant’ proteins. For the comparison
between control and Forskolin-treated groups, z-test was
performed with a permutation-based FDR of 0.05, and P-
values <0.05 were considered to be statistically significant.
A heat map of differentially expressed proteins across the
two different groups was generated. Gene Ontology (GO)
analysis was performed using ClueGO (54) on Cytoscape
v3.7.1 (55). For AltProt identification, a database (named
HaltORF) corresponding to the annotation of long non-
coding RNAs (ncRNAs), ncRNAs and mRNA uncoding
regions was used. The protein sequences are predicted us-
ing the Homo sapiens genome database (release hg38, as-
sembly: GCF_000001405.26). To ensure that unbiased Alt-
Prot identification is obtained, the human AltProt database
HaltORF (reference name ‘HS_GRCh38_altorf_20170421°,
which contains 182 709 entries) was combined with the
UniProtKB (7) database that encompasses the RefProts
(April 2018 release, 20 303 protein sequences) in a single
database for a total of 203 012 entries. Since MaxQuant was
described as not suitable for such a large database, the iden-
tification was performed using PD2.2. Additional online

databases such as ‘Ensembl’ (https://www.ensembl.org) and
‘RefSeq’ (https://www.ncbi.nlm.nih.gov/refseq) were also
used to trace back the origin of the identified AltProts after
HaltORF data interrogation.

Cross-link data analysis

Data were analysed using PD2.2 implemented with the
XlinkX node (48). Interrogation of data was performed ac-
cording to the following workflow: first spectra were se-
lected and DSSO was defined as cross-linker (characteristic
mass 158.003765 Da). Then, the workflow was divided into
two paths: (i) The first was dedicated to the cross-link identi-
fications using the XlinkX with the following search param-
eters: precursor mass tolerance: 10 ppm, FTMS fragment:
20 ppm, ITMS fragment: 0.5 Da, and searching a compiled
database comprising both HaltORF and UniProtKB. The
validation was performed using percolator with an FDR
set to 0.01. (ii) The second path was dedicated to the shot-
gun protein identification using SequestHT and consider-
ing the following parameters: trypsin as an enzyme, two
missed cleavages, methionine oxidation as variable modi-
fication, DSSO hydrolysed and carbamidomethylation of
cysteines as static modification, precursor mass tolerance:
10 ppm and fragment mass tolerance: 0.6 Da. The valida-
tion was performed using Percolator with an FDR set to
0.01. A consensus workflow was then applied for the sta-
tistical arrangement. A de-isotope and a TopX filter were
used to determine the m1/z error with a selectivity of ~10%
FDR. The PPIs identified (Supplementary Table S1) were
manually checked (Supplementary Figure S1, Supplemen-
tary Table S2) and then displayed in Cytoscape 3.7.1 (55).
The accession number of each protein showing an interac-
tion was extracted with its XlinkScore and transformed into
a text file to get the visualization of the partners. The net-
work was obtained according to the XlinkScore by plotting
the distance between the nodes and the recurrence numbers
of a given interaction.

Modelling and prediction of interactions

Structure modelling of AltProts and RefProts was per-
formed with the I-TASSER software (56). For both Ref-
Prots and AltProts, the most stable models (C-score be-
tween —5 and +2) were retained. The prediction of PPIs was
performed with the ClusPro software (57). The RefProt was
identified as a receiver and the AltProt as a ligand. The in-
teraction model was carried out by docking the ligand onto
the receiver without cross-linker size restriction. ClusPro
then generates multiple interaction models ranked in the or-
der of stability. The selected models are still part of the top
5 ‘balanced’ models taking into account the best compro-
mise of stability. The selected interactions were then illus-
trated with Chimera (58) to measure the distance between
the atoms observed during XL-MS analysis. The model is
split between the ligand and the receptor to form two inde-
pendent chains; the lysines found to be involved in interac-
tions on PD2.2 are assigned as reference points to measure
the distance in the model and have it compared to the length
of the cross-linker.
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Immunofluorescence

The three AltProts (AItEPHAS, AItMAP2 and AItTRN
AUI1AP) identified as interactors of TPM4 were amplified
from NCH82 cDNA and cloned in fusion with a GFP
tag and TPM4 with a 3XFLAG tag. These constructs were
then co-transfected in NCHS2 cells, each AltProt being co-
transfected with TPM4 independently of the other AltProts.
Staining was realized as in (59). Briefly, transiently trans-
fected cells were grown on coverslips, and rinsed with PBS
before fixation with 4% paraformaldehyde for 15 min at
room temperature. After fixation, they were washed three
times with PBS 0.1% Triton X-100. Cells were then blocked
in PBS 0.01% Triton and 5% bovine serum albumin for 30
min at 4°C. Transfected cells were then incubated overnight
at 4°C with monoclonal anti-FLAG M2 mouse antibody
(dilution 1:500, Sigma-Aldrich). After three washes for 10
min with PBS 0.01% Triton X-100, cells were incubated for
1 h at 37°C with the Alexa Fluor 647-conjugated secondary
antibody donkey anti-mouse IgG (H + L) (1:2000, Thermo
Fisher Scientific). Cells were rinsed with PBS and coun-
terstained with phalloidin tetramethylrhodamine B for 30
min at 4°C (5 pg/ml, sc 301530, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). Cells nuclei were stained with 1
pg/ml 4',6-diamidino-2-phenylindole (Thermo Fisher Sci-
entific) in PBS for 5 min. Finally, after a last PBS wash, cells
were mounted on a slide using Dako Fluorescent Mount-
ing Medium (Agilent Dako, Santa Clara, CA, USA). Con-
trol experiments were performed following the same im-
munostaining protocol without the primary antibody in-
cubation. Acquisition was performed on a Zeiss LSM700
confocal microscope connected to a Zeiss Axiovert 200 M
equipped with an EC Plan-Neofluar 40x /1.30 numerical
aperture and an oil immersion objective (Carl Zeiss AG,
Oberkochen, Germany). The image acquisition character-
istics (pinhole aperture, laser intensity, scan speed) were the
same throughout the experiments to ensure comparability
of the results. Processing of the images was performed using
Imagel software and applied to the entire images including
the controls.

RESULTS
Protein regulation under cell reprogramming by Forskolin

To assess the PPI changes following PKA-induced cell re-
programming, we performed large-scale protein identifica-
tion with LFQ of NCHS82 human glioma cells treated with
Forskolin for 48 h (51) (Figure 1). A total of 3363 pro-
teins were identified, among which 41 are exclusive to the
non-treated cells and 201 to the Forskolin condition (Sup-
plementary Table S3). Of these 201 proteins, 148 origi-
nate from cell organelles according to the extraction pro-
tocol for nuclei and organelles, and some are known to be
involved in cell reprogramming. For example, transform-
ing growth factor B1 (TGF-B1), the death-inducer oblit-
erator 1 (DIDO1), the mitogen-activated protein kinase 4
(MAP4K4) and the protein Hook homolog 3 (HOOK3)
are known to be involved in regulating self-renewal of em-
bryonic stem cells, which is a way of research of cancer
cell reprogramming and therapy (60,61). Cytoscape com-
bined with the ClueGO application was then used to re-
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trieve the cellular processes associated with these specific
proteins (Figure 1A). Two main processes were found to
be associated with Forskolin treatment: one related to the
mRNA splicing and metabolism and another to the intra-
cellular trafficking, including Golgi vesicle transport. Other
enrichments such as non-integrin membrane—extracellular
matrix interaction and nucleotide excision repair were iden-
tified. A t-test (P < 0.05 threshold) was then applied to
generate the heat map representing the over- and under-
expressed proteins between the two conditions. The 1797
proteins found to be significantly over- and underexpressed
are distributed in two main clusters: one (991 proteins) as-
sociated with untreated cells and another (806 proteins)
with Forskolin treatment (Figure 1B). Overexpressed pro-
teins under Forskolin are involved in mitochondrial trans-
fer RNA (tRNA) processing, valine metabolic process and
the negative regulation of the 5-3' RNA-directed poly-
merase activity. In contrast, underexpressed proteins are re-
lated to nucleotide biosynthesis, rRNA 3’-end processing
and tRNA aminoacetylation. PKA activation by Forskolin
triggers a complex network of cellular pathways involv-
ing numerous nuclear factors (62). To better elucidate the
molecular events occurring upon Forskolin treatment, we
then enriched nuclei from untreated and treated cells and
analysed their protein content by shotgun proteomics (Fig-
ure 2). From the nuclear fraction, 936 proteins were iden-
tified with 69 exclusives to Forskolin condition and 11 to
the control. Cellular processes enriched in Forskolin-treated
samples are divided into four main pathways, including (i)
translation, (ii) axogenesis and neuritogenesis, (iii) centro-
some and (iv) oxidative stress linked to apoptotic pathways.
The heat map representing the hierarchical clustering of the
differentially expressed proteins revealed a clear segregation
between the two conditions (Figure 2B). A set of signalling
events associated with Forskolin treatment is observed. For
instance, proteins involved in the regulation of alternative
splicing, the translation and the modulation of the transla-
tion by miRNA were identified. On the contrary, networks
related to neurotransmitter receptor transport from post-
synaptic membrane to endosome and to nuclear envelope
membrane clearance were downregulated after treatment
(Figure 2C).

To get a better understanding of the signalling events’ dy-
namics associated with Forskolin reprogramming, a time-
course study at 16, 24 and 48 h of treatment was performed
using again the enriched nuclear fraction from untreated
and treated cells (Figure 3). Each treatment dataset point
was compared to untreated cells to identify specific changes
in the protein regulation. Notably, specific clusters of up-
and downregulated proteins were identified after analysis
(Figure 3A), suggesting that significant changes occur at
the nuclear level after treatment. Enrichment within each
cluster of the time-course experiment reveals that specific
molecular events undergo temporal changes while others
are found to be time independent (Figure 3B). In detail, the
GO term analysis of the identified proteins shows signifi-
cantly altered signalling pathways after 16 h of Forskolin
treatment (Figure 3B). In line with the role of PKA in tran-
scriptional and translational regulation, proteins related to
translation initiation and regulation, ribosome assembly
and nucleic acid metabolism are identified. Moreover, path-
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Figure 3. Identified over- and underexpressed proteins and their related signalling pathways from NCHS82 glioma cell nucleus fraction following the
Forskolin treatment time course (16, 24 and 48 h) compared to the control condition. (A) Heat maps of the LFQ variation for 16 h (1), 24 h (2) and
48 h (3) treatment with Forskolin, each compared to the control condition, generated after raw nLC-MS/MS data interrogated by MaxQuant with LFQ
and further processed in Perseus using a #-test showing the proteins over- and underexpressed. (B) GO terms associated with overexpressed proteins (in
A) under Forskolin treatment time course. The untreated condition presents the mRNA processing regulation underexpression that was observed for the
corresponding stimulation times. After 16 h Forskolin, an overexpression of proteins in specific pathways such as the initiation of the translation and the
nucleotide metabolic process appears. At 24 h, two specific enrichments were found related to collagen formation and cytoskeleton. At 48 h, no specific
enrichment was observed. All the other cellular processes are shared between all Forskolin treatment times (time independent).
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Data interpretation

FASP digestion Analysis

Figure 4. Schematic representation of the XL-MS workflow used in the study. After removing cell cytoplasm by cell lysis using appropriated buffers and
centrifugation, the cell nuclei proteins are extracted and cross-linked. Cross-linked proteins are then digested, and peptides are analysed by LC-MS/MS.
Recorded data are processed to get the LFQ variations of the cross-linked proteins using either UniProt or a combination of UniProt and AltProt databases.
Networks of proteins and their associated pathways are then built in Cytoscape and associated with GO terms with ClueGo. The measured interactions

are as well enriched from the bibliographic data by STRING.

ways involving protein degradation through ubiquitin tag-
ging, regulation of protein depolymerization and enzymatic
activity such as aminopeptidase are also observed. At 24
h after PKA activation, only two pathways are modulated:
the threonine-type endopeptidase activity and the collagen-
activated tyrosine kinase receptor signalling, while none are
enriched after 48 h (Figure 3B). The other identified path-
ways do not show a specific temporal regulation (Supple-
mentary Figure S2). Taken together, this reveals the dy-
namic modulation of the cellular processes under the PKA
activation.

Time-course identification of PPIs

To validate our comparative enrichment analysis, we
searched for PPI modulation following Forskolin treatment
by large-scale XL-MS strategy. Nuclear fractions were sub-
mitted to XL-MS using the membrane-permeable DSSO
cross-linker, and the samples were processed using the FASP
method (Figure 4). In this time-course analysis, a total of
20 cross-link spectra matches were detected after XL-MS,
representing 16 interactions between proteins. The interac-
tion networks known from the literature for these enriched
proteins and plotted using STRING (63) interrogation are
presented in Figure 5. Cytoscape and ClueGo were applied
to correlate the resulting identifications to known processes
using Reactome and GO term databases. Most proteins
identified at 16 h belong to the ATP synthesis pathway, in-
cluding the electron transport signalling. According to Re-
actome, at 24 h, identified proteins are related to the hydrol-
ysis of ATP by myosin pathway. CALDI1, which is identi-
fied by XL-MS with an internal cross-link, appears to be at
the interface of changes in the signalling pathways activated
at 16 and 24 h. Based on literature prediction, as obtained
by STRING enrichment, CDK1, ACTA2 and ACTB rep-
resent a possible link with the proteins identified by XL-
MS. The modulation of these signalling pathways clearly
highlights the role of PKA activation in the regulation of
ATP and its link to myosin and caldesmon at 24 h. Hy-
drolysis of ATP by myosin is known to stimulate elonga-

tion of actin filaments. This effect is particularly well de-
scribed in neurons upon filopodia elongation (64). RPLS,
which was identified at 24 and 48 h, is a common actor of
the transition occurring between these two time points. In-
terestingly, at 48 h, RPLS5 is found to be in direct interac-
tion with an AltProt. Other AltProts are also identified at
the different time points and a precise temporal modulation
was observed for these proteins. Specific AltProts were de-
tected at 48 h (AItDHTKD1, AItCRADD, AItLNC00675
and AItLOC101927348) compared to 16 h (AItSPTBN2,
AItLATS2) and 24 h (AItSIDT1, AItCFLAR). Overall, this
analysis provides important insights into the timing and
composition of PPI networks modulated after PKA stim-
ulation and reveals that AltProts might have a role in their
regulation.

PPI network at 48 h Forskolin treatment

Since Forskolin is known to induce a complete reprogram-
ming after 48 h treatment (51), we dedicated a particu-
lar attention to the events occurring after 24 h, expect-
ing to catch intermediate rewiring of PPIs. XL-MS anal-
ysis was performed from the nuclear fraction of NCHS82
glioma cells leading to the identification of a total of 219
cross-links, including 138 specifics to untreated samples
and 81 to Forskolin-treated samples (Figure 6). Five func-
tional categories were identified from the cross-linked pep-
tides, plus a few outsider proteins that were not assigned
to known networks. The main network (numbered 6 in
Figure 6) is related to cell mobility and cytoskeleton re-
organization (Figure 7, boxes A and D). The second and
third networks (4,5) are related to tRNA amino acyla-
tion for protein translation and response to interleukin-12
(IL-12; Figure 7, box C). tRNA amino acylation for pro-
tein translation was also found enriched in untreated cells.
Four proteins were found to be directly related to this sig-
nalling pathway: SARS, NARS, AARS and IARS. These
four proteins are involved in mRNA translation, the attach-
ment of amino acids (aa) to tRNAs and aminoacyl-tRNA
synthetases (aaRS), which are essential to ensure proper
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Figure 6. Network of proteins assembled on Cytoscape and their associated GO terms generated from the XL-MS data and enriched from STRING
and known pathways for the NCHS82 cell nucleus fraction for 48 h treatment by Forskolin by comparison to the control condition (untreated). Proteins
were identified by interrogating a RefProt and AltProt merged database. The networks were enriched by addition of STRING network to the identified
RefProts using ClueGO application on Cytoscape. Green circles represent proteins only found in the control, red circles represent proteins specific to 48 h
Forskolin samples and yellow circles represent proteins found in both untreated and 48 h Forskolin samples. The dark grey lines represent the measured
intermolecular cross-links and the small black circles the intramolecular ones. The pink lines correspond to the known connections retrieved in STRING.
The global network was subdivided into six groups. In some of these groups, various AltProts were identified. The attribution of GO terms to the RefProts
provides a link between the networks involving AltProts to those involving the RefProts, and brings an initial information on the function of these AltProts

(see Supplementary Table S3 for more information).

translation. This group comprises as well two AltProts in-
teracting with these aaRS, respectively, AItSETDIB and
AItLINC00624. If AItLINC00624 is derived from a non-
coding RNA, AItSETD1B is from the mRNA encoding the
SETD1B histone-lysine N-methyltransferase. Based on the
observation of the cross-link interaction between these two
AltProts and the aaRS (Supplementary Figure S1), one may
assume that these two AltProts have a central role in this
signalling pathway. AltProts have been described as being
involved in regulating other proteins translation, here indi-
rectly by participating in aa-tRNA assembly (Figure 7, box
B). Network 5 show proteins that switch from the control
(LMNA, LMNB2 and P4HB) to the Forskolin condition
(LMNBI, STXBP1, ARHGEF28). ARHGEF28 is directly
connected to vimentin, which is involved in the production
of microtubules and therefore cell mobility and cytoskele-
tal organization. STXBPI1 is also linked to the regulation
of vesicle fusion. The scheme is augmented by CORO1As
and EEF?2 proteins that connect the different networks to-
gether as shown by STRING analysis (63) though only in-
tramolecular was observed for these two proteins. CORO1A

links the GO terms of IL-12 regulation, vesicular fusion and
cytoskeletal structuring. EEF2 is known to be involved in
the regulation of tRNA, but it is also described in cell mo-
bility and cytoskeletal regulation. Network 3 is centred on
ALB. By contrast, proteins in network 2 were only found
with intra-cross-links and they are known to be connected
according to the literature. Among the proteins not known
to be involved in specific networks, not surprisingly four
are AltProts. One of them interacts with LIN9, which was
shown to be involved in embryonic stem cell reprogramming
and to exert an antitumour effect (65,66).

The main network (network 6) is centred on the forma-
tion of microtubules and in particular the formation of actin
filaments. This network presents 15 common proteins (yel-
low) to controls and Forskolin stimulation. The main hub
of this network is made up of TPM4, TPM3, TPM2, TPM 1
and CGNLI1. These interactions observed by XL-MS en-
able to identify under both conditions IQGAPI and RGL1
connected to TPM4, as well as SMIM17, TMEMG68 and
MAPKAPK?2 connected to TPM3. Condition-specific in-
teractions are also observed with 10 AltProts and 6 RefProts
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