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In Brief
The p90 ribosomal S6 kinase
(RSK) family contains four re-
lated members with roles in can-
cer. The proximity-dependent
biotinylation (BioID) approach
was used to reveal their biologi-
cal functions. Several proximity
partners were identified, includ-
ing p120ctn, an essential com-
ponent of adherens junctions.
The results reported reveal a role
for RSK in p120ctn phosphoryla-
tion and in the regulation of ad-
herens junctions.
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Highlights

• BioID reveals the proximity partners of RSK family members.

• All RSK isoforms associate with and phosphorylate p120ctn on Ser320.

• RSK negatively regulates adherens junctions and reduces cell-cell adhesion.

• p120ctn phosphorylation plays a role in the reorganization of proximity partners.
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The RAS/mitogen-activated protein kinase (MAPK) signal-
ing pathway regulates various biological functions, in-
cluding cell survival, proliferation and migration. This
pathway is frequently deregulated in cancer, including
melanoma, which is the most aggressive form of skin
cancer. RSK (p90 ribosomal S6 kinase) is a MAPK-acti-
vated protein kinase required for melanoma growth and
proliferation, but relatively little is known about its func-
tion and the nature of its cellular partners. In this study,
we used a proximity-based labeling approach to identify
RSK proximity partners in cells. We identified many po-
tential RSK-interacting proteins, including p120ctn (p120-
catenin), which is an essential component of adherens
junction (AJ). We found that RSK phosphorylates p120ctn
on Ser320, which appears to be constitutively phospho-
rylated in melanoma cells. We also found that RSK inhi-
bition increases melanoma cell-cell adhesion, suggesting
that constitutive RAS/MAPK signaling negatively regu-
lates AJ integrity. Together, our results indicate that RSK
plays an important role in the regulation of melanoma
cell-cell adhesion. Molecular & Cellular Proteomics 19:
50–64, 2020. DOI: 10.1074/mcp.RA119.001811.

The RAS/mitogen-activated protein kinase (MAPK)1 signal-
ing cascade plays a key role in transducing extracellular sig-
nals to intracellular targets involved in a wide range of cellular
functions, including cell growth, proliferation and survival (1,
2). Inappropriate regulation of this pathway leads to a variety
of disorders and diseases, including many types of cancers
(3, 4). Upon activation by upstream RAS isoforms or in re-
sponse to mutational activation, RAF phosphorylates and ac-
tivates MEK1/2, which then phosphorylate and activate
ERK1/2 (5, 6). RAF isoforms are frequently mutated in cancers
and one major example is melanoma, which harbors activat-
ing B-Raf mutations (V600E) in most cases (7). Once acti-
vated, ERK1/2 phosphorylate many substrates, including

members of the p90 ribosomal S6 kinase (RSK) family of
proteins (8, 9).

The RSK family includes four Ser/Thr kinases (RSK1–4) that
belong to the AGC family of basophilic protein kinases (10).
Although RSK1 and RSK2 are ubiquitously expressed, RSK3
and RSK4 were shown to be expressed in a tissue-specific
manner (9). RSK1–4 display high sequence identity within
their kinase domains, but differences at their amino- and
C-terminal regions suggest that they regulate specific cellular
functions. Although several phosphorylation substrates have
been identified for RSK1 and RSK2, the exact functions of
RSK3 and RSK4 remain elusive. RSK1 and RSK2 have been
shown to regulate cell growth, cell survival, proliferation and
motility (11–14). Consistent with this, RSK1 and RSK2 were
shown to be overexpressed and/or hyperactivated in many
types of cancers, including breast cancer (15), prostate can-
cer (16), head and neck squamous cell carcinoma (HNSCC)
(17), and melanoma (18). Accordingly, inhibition of RSK activ-
ity reduces the proliferation of several cancer cell lines (19,
20). Conversely, reduced expression of RSK3 and/or RSK4
has been observed in different cancer types (21, 22), suggest-
ing that these proteins could act as potential tumor suppres-
sors (23).

Loss of cell-cell adhesion is frequently observed in many
disorders upon dysfunction of cadherins, the major compo-
nent of adherens junction (AJ) (24). Cadherins constitute a
family of transmembrane cell-cell adhesion proteins involved
in morphogenesis, development and cancer (25). Classical
cadherins are the gatekeepers of AJ maintenance by linking
their extracellular interactions to internal cellular elements
through �-catenin, �-catenin and p120-catenin (p120ctn) (26).
Although �- and �-catenin mainly modulate functional inter-
actions with the actin cytoskeleton, p120ctn maintains cell-
cell adhesion integrity by controlling the stability of cadherins
at the plasma membrane (27–29). p120ctn is a member of the
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Tanenbaum Research Institute, Sinai Health System, Toronto, Canada; ¶Department of Molecular Genetics, University of Toronto, Toronto,
Canada; �Department of Pathology and Cell Biology, Faculty of Medicine, Université de Montréal, Montréal, Québec, Canada
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Armadillo-repeat (ARM) protein family and was originally iden-
tified as a Src tyrosine kinase substrate (30). To date, several
other p120ctn residues have been shown to be phosphoryl-
ated, suggesting the regulation of p120ctn phosphorylation
by other kinases (31). Interestingly, the phosphorylation status
of p120ctn seems to regulate AJ assembly, specifically by
controlling cadherin dynamics at the plasma membrane (32,
33). Finally, although the down-regulation or change in local-
ization of p120ctn has been demonstrated in many cancers,
several cases suggest that p120ctn phosphorylation is re-
quired for its pro-tumorigenic potential (34, 35). Thus, the role
and regulation of p120ctn phosphorylation remain to be
clearly defined.

In this study, we used a proximity-based labeling approach
(BioID) to identify proximity partners of the RSK isoforms. This
proteomic approach resulted in the identification of many
potential cellular partners for the RSK kinases. Among them,
we identified and characterized p120ctn as RSK phosphoryl-
ation substrate. After demonstrating the direct impact of
p120ctn on cell-cell junctions in melanoma, we found that
RSK kinase activity negatively regulates AJ integrity. We
found that RSK phosphorylates p120ctn at Ser320, which
appears to reorganize its global proximity partners. Together,
these results help understand the specific roles of the RSK
kinases, particularly with respect to their described functions
in cancer.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies targeted against the Arg-X-X-pSer/Thr
motif (#9614), phospho-p120ctn (S320) (#8016), Akt (#9262) and
phospho-Akt (S473) (#4051), ERK1/2 (#4695) and phospho-ERK1/2
(T202/Y204) (#9101), S6K (#9202) and phospho-S6K (T389) (#9205),
rps6 (#2217) and phospho-rps6 (S235/236) (#2211) were purchased
from Cell Signaling Technologies (Beverly, MA). RSK1 (sc-81162),
RSK2 (sc-9986), 4E-T (393788) and p120ctn (sc-373751) antibodies
were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA).
The N-cadherin antibody (#561553) was purchased from BD Biosci-
ences (San Jose, CA). Anti-myc (#M4439), anti-tubulin (#T6199), anti-
Flag (#MAB3118) and anti-HA (#H9658) monoclonal antibodies were
purchased from Sigma-Aldrich (Oakville, Ontario, Canada).

DNA Constructs—The original plasmid encoding full-length, un-
tagged p120ctn was kindly provided by Albert Reynolds (Vanderbilt
University, Nashville) in a pENTR-gateway plasmid backbone
(pENTR-p120ctn-1AB). This DNA construct was used as template for
generating 6�Myc-tagged p120ctn in the pcDNA3.1 backbone. Both
p120ctn mutants (S320A and S320D) were generated using the
QuikChange methodology (Stratagene, La Jolla, CA). The original
plasmid pcDNA5-FRT/TO-FLAG-BirAR118G encoding Flag-tagged
BirAR118G was provided by Anne-Claude Gingras (University of To-
ronto, Toronto, Canada). The plasmid pLenti-CMV-GFP-puro was
obtained from Addgene (#17448, Cambridge, MA).

Cell Culture and Transfection—HEK293, A375 and Colo829 cells
were obtained from the American Type Culture Collection (ATCC).
HEK293 and A375 cells were maintained at 37 °C in Dulbecco’s
modified Eagle medium (DMEM) with 4.5 g/L glucose supplemented
with 5% (v/v) FBS, 100 IU/ml penicillin, and 100 �g/ml streptomycin.
Colo829 cells were grown in RPMI 1640 medium with similar supple-
ments. Cells were regularly PCR tested to exclude mycoplasma con-
tamination and used within 2 months after thawing. HEK293 cells
were transfected by calcium phosphate 24h after being plated, done
previously (36). Cells were grown for 24h after transfection and se-
rum-starved overnight using serum-free DMEM where indicated.
Starved cells were pretreated with PD184352 (10 �M; Cerdalane, ON,
Canada), LJH685 (10 �M; Selleckchem, TX), BI-D1870 (10 �M; Sell-
eckchem, TX), SL0101 (50 �M; Toronto Research Chemicals, ON,
Canada), PI-103 (1 �M; Calbiochem, CA), rapamycin (25 nM; Calbi-
ochem, CA) or Ku-0063794 (10 �M; Selleckchem, TX) where indicated
and stimulated with phorbol 12-myristate 13-acetate (PMA; 100 ng/
ml; Fisher Scientific, ON, Canada), EGF (25 ng/ml: Invitrogen, CA),
FBS (10%; Invitrogen, CA) or insulin (100 nM; Peprotech, NJ) before
being harvested.

RNA Interference (RNAi) and Viral Infections—Short hairpin RNA
(shRNA)-mediated knockdown was achieved using lentiviruses pro-
duced with vectors from the Mission TRC shRNA library (p120ctn,
TRCN0000122984, TRCN0000122987; RSK1, TRCN0000001388;
RSK2, TRCN0000040143). Cells were infected in the presence of 4
�g/ml polybrene, and 3 days after viral infection, A375 and Colo829
cells were treated and selected with 2 �g/ml puromycin. Lentiviruses
were produced in the HEK293T cell line using the pLenti-CMV-GFP-
puro vector to overexpress ectopic GFP, p120ctn WT, S320A, or
S320D mutants. Two days after infection, cells were selected with 2
�g/ml puromycin.

Immunoprecipitations, Kinase Assay and Immunoblotting—Cells
were washed three times with ice-cold phosphate-buffered saline
(PBS) and lysed in BLB (10 mM K3PO4, 1 mM EDTA, 5 mM EGTA, 10
mM MgCl2, 50 mM �-glycerophosphate, 0.5% Nonidet P-40, 0.1% Brij
35, 0.1% deoxycholic acid, 1 mM sodium orthovanadate [Na3VO4], 1
mM phenylmethylsulfonyl fluoride, and a complete protease inhibitor
mixture tablet [Roche]). For cell fractionation, the total homogenate
was centrifuged at 14,000 � g to generate soluble and insoluble
fractions. For immunoprecipitations, soluble cell lysates were incu-
bated with the indicated antibodies for 2 h, followed by 1 h of
incubation with protein A-Sepharose CL-4B beads (GE Healthcare).
Immunoprecipitates were washed three times in lysis buffer, and
beads were eluted and boiled in 2� reducing sample buffer (5� buffer
is 60 mM Tris-HCl [pH 6.8], 25% glycerol, 2% SDS, 14.4 mM 2-mer-
captoethanol, and 0.1% bromphenol blue). For kinase assay, immu-
noprecipitates were washed three times in lysis buffer followed by
one wash in kinase buffer (25 mM Tris-HCl (pH 7.4), 10 mM MgCl2, and
5 mM �-glycerophosphate). Then, recombinant activated RSK2 pur-
chased from SignalChem (Richmond, BC) was used with immunopre-
cipitated p120ctn as substrate (WT and S320A) under linear assay
conditions. Assay was performed for 10 min at 30 °C in kinase buffer
and then stopped by adding 2� reducing sample buffer. Eluates and
total cell lysates were subjected to 10% SDS-PAGE, and resolved
proteins were transferred onto polyvinylidene difluoride membranes
for immunoblotting.

Immunofluorescence Microscopy—For immunofluorescence anal-
ysis, HEK293 or A375 cells were seeded in 12-well plates containing
coverslips. Twenty-four to 72 h later, cells were washed twice in PBS
and fixed in 3.7% formaldehyde for 10 min at room temperature. Cells
were washed twice in PBS, permeabilized for 5 min in PBS containing
0.3% Triton X-100 and blocked with PBS containing 1% bovine
serum albumin (BSA) for 30 min. Cells were incubated for 1 or 2 h with
primary antibodies, washed twice with PBS, and incubated for 1 h

1 The abbreviations used are: MAPK, mitogen-activated protein
kinase; ATCC, American Type Culture Collection; p120ctn, p120-
catenin; AJ, adherens junction; BioID, proximity-dependent biotin
identification; DMEM, Dulbecco’s modified Eagle’s medium; FBS,
Fetal bovine serum; FDR, false discovery rate; GO, Gene Ontology;
MS/MS, tandem mass spectrometry; IPA, ingenuity pathway analysis.
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with secondary Alexa Fluor 488-conjugated goat anti-rabbit and Al-
exa Fluor 555-conjugated goat anti-mouse antibodies (Invitrogen),
Texas Red-phalloidin, and DAPI (4,6-diamidino-2-phenylindole) di-
luted in PBS. Images were acquired on a Zeiss Axio Imager Z1
wide-field fluorescence microscope using a 40X oil-immersion objec-
tive (Fig. 1), a Deltavision microscope (Applied Precision, Issaquah,
WA) using a 60X oil-immersion objective (Fig. 5), or a Zeiss LSM 700
confocal microscope (PlanApo 63x aperture) (Fig. 6 and 7).

Tissue Microarray (TMA)—Immunohistochemical staining against
p120ctn phospho-S320 was carried out on paraffin-embedded for-
malin-fixed samples using the automated Bond RX staining platform
from Leica Biosystems. Sections were deparaffinized inside immu-
nostainer. Antigen recovery was conducted using heat retrieval (Heat-
Induced Epitope Retrieval) with ER1 (Leica Biosystems proprietary
Epitope Retrieval using a low pH buffer) for 20 min. Sections were
then incubated with 150 �l of anti-p120ctn phospho-S320 antibody
for 30 min at room temperature. Detection of specific signal was
acquired by using Bond Intense R detection kit (#DS9263; Leica
Biosystems) according to the provider’s recommendations. Slides
were counterstained automatically with hematoxylin included in the
Polymer DAB Kit. Stained slides were scanned using the Hamamat-
su’s Nano Zoomer Digital Pathology system 2HT. Virtual slides were
then imported in Visiopharm Integrator System (3.4.1.0). Scanned
tissue microarray was processed by using the array imager module.
Then each core was classified using Visiomorph’s K-Means clustering
method. CMN biomarker scoring algorithm was applied. VS �
(MI�Area)LOW � (MI�Area)MED � (MI�Area)STRONG/Total Area of ROI.
versus (Global visiomorph score) is range between 0 and � 255, MI
(average intensity).

Mechanical Strength (Dispase) Assay—A375 cells were plated in 60
mm cell culture plates to reach confluency within 72 h. To isolate the
monolayers from the plates, cells were washed twice with PBS and
then incubated for 90 min at 37 °C with media containing Dispase
(2.4U/ml, Roche). After detachment, PBS was added slowly to fully
release the monolayer and the suspended cells were then centrifuged
at 1000 rpm for 5 min. Each monolayer was then subject to disruption
by pipetting up and down 20 times in 1 ml PBS. Immediately after
disruption, single cells were counted using a hemocytometer. Per-
centage fragmentation was calculated by determining the ratio of
single cell compared with the total number of cells present in a 60 mm
cell culture plate for each condition. In experiments requiring inhibi-
tors, cells were treated with medium containing PD184352 (10 �M),
LJH685 (10 �M) or DMSO (solvent control) 24 h prior to performing the
assay.

Generation of Stable Inducible Cell Pools and BioID Labeling—
Stable cell lines were generated in parental HEK293 Flp-In T-Rex cells
expressing bait proteins of interest, as described (37). Stable cell lines
were selectively grown in the presence of 200 �g/ml hygromycin up
to 80% confluence before expression was induced using 1 �g/ml
tetracycline for 24 h. For the BioID experiments, 50 �M biotin was
added at the time of induction. Two 150-mm plates were induced with
tetracycline and treated with biotin for 24 h before harvesting. Cells
were pelleted at low speed, washed with ice-cold PBS and frozen at
�80 °C until purification. Cell pellets were thawed in 1.5 ml ice cold
RIPA buffer containing 20 mM Tris-HCl (pH 8), 137 mM NaCl, 1%
NP-40, 0.1% SDS and 0.5% sodium deoxcycholate. 1 mM phenyl-
methylsulfonyl fluoride, 1 mM dithiothreitol and a complete protease
inhibitor mixture tablet (Roche, Basel, Switzerland) were added im-
mediately before use, supplemented with 250U of benzonase. The
lysates were sonicated using three 10 s bursts with 10 s rest in
between on ice at 20% amplitude. Lysates were centrifuged for 20
min and cleared supernatants were transferred to 2-ml microcentri-
fuge tubes, and a 60 �l bed volume of prewashed streptavidin-
agarose beads (GE Healthcare) was added to each sample. Affinity

purification was performed at 4 °C on a nutator for 3 h, and the beads
were washed twice in RIPA buffer, and three times in 50 mM ammo-
nium bicarbonate (ABC; pH 8.0). After affinity purification and removal
of all washing buffer, beads were resuspended in 100 �l of 50 mM

ABC (pH 8) with 1 �g of trypsin (Sigma) added and incubated at 37 °C
overnight with agitation. The next day, an additional 1 �g of trypsin
was added to each sample, and the samples were incubated for 4 h
at 37 °C. Beads were pelleted, and the supernatant was transferred to
a fresh 1.5-ml tube. The beads were then rinsed two times with 100
�l of MS-grade H2O, and these rinses were combined with the original
supernatant. The pooled fractions were centrifuged, and the super-
natant was transferred to a new 1.5-ml tube and dried in a vacuum
centrifuge. Tryptic peptides were resuspended in 10 �l of 5% formic
acid.

Mass Spectrometry Acquisition and Data Analysis—Samples were
reconstituted in formic acid 0.2% and loaded and separated on a
homemade reversed-phase column (150 �m i.d. � 150 mm) with a
56-min gradient from 0–40% acetonitrile (0.2% FA) and a 600 nl/min
flow rate on an Easy-nLC II (Thermo Fisher Scientific), connected to
an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scien-
tific). Each full MS spectrum acquired with a 60,000 resolution was
followed by 20 MS/MS spectra, where the 12 most abundant multiply
charged ions were selected for MS/MS sequencing. Samples ana-
lyzed were converted to mzXML using ProteoWizard 3.0.4468 (38)
and analyzed using the iProphet pipeline (39) implemented within
ProHits (40). The database consisted of the human and adenovirus
sequences in the RefSeq protein database (version 57) supplemented
with “common contaminants” from the Max Planck Institute (http://
maxquant.org/downloads.htm) and the Global Proteome Machine
(GPM; http://www.thegpm.org/crap/index.html). The sequence data-
base consisted of forward and reversed sequences; 72,226 entries
searched. The search engines were Mascot (2.3.02; Matrix Science)
and Comet (2012.01 rev.3 (41)), with trypsin specificity and two
missed cleavage sites allowed. Methionine oxidation and asparagine/
glutamine deamidation were set as variable modifications. The frag-
ment mass tolerance was 0.01 Da and the mass window for the
precursor was � 10 ppm. The resulting Comet and Mascot results
were individually processed by PeptideProphet (42) and combined
into a final iProphet output using the Trans-Proteomic Pipeline (TPP;
Linux version, v0.0 Development trunk rev 0, Build 201303061711).
TPP options were as follows. General options were -p0.05 -x20 -PPM
-d”DECOY”, iProphet options were pPRIME and PeptideProphet op-
tions were pP. All proteins with a minimal iProphet protein probability
of 0.05 were parsed to the relational module of ProHits. Note that for
analysis with SAINTexpress, only proteins with at least two peptides
identify and with iProphet protein probability � 0.95 are considered.
This corresponds to an estimated protein level FDR of �0.5%.

Proximity interaction scoring was done using SAINTexpress ver-
sion 3.6.1 for p120ctn, and version 3.3 for RSK (43) using default
parameters. For the RSK and p120ctn datasets, the 9 controls were
compressed to 3 virtual controls to increase stringency in scoring, as
first performed in (44); the 3 biological replicates for each bait were
compressed to the best two to increase sensitivity in scoring. Inter-
action data visualization was with Cytoscape (version, reference) or
with using the default parameters in ProHits-viz (45).

All MS data was deposited in ProteomeXchange through partner
MassIVE as a complete submission (supplemental Tables S1, S2,
S3A and S3B) and assigned MSV000083414 and PXD012619. It can
be downloaded from ftp://MSV000083414@massive.ucsd.edu.

Digestion, Phosphorylation Site Identification and Quantification—
Following SDS-PAGE separation with Coomassie staining, bands
corresponding to p120ctn were excised and digested in gel with
trypsin as previously described (46). The tryptic peptides were ana-
lyzed as described above. Database searches were performed using

RSK Regulates p120ctn and Cell-Cell Adhesion

52 Molecular & Cellular Proteomics 19.1

http://maxquant.org/downloads.htm
http://maxquant.org/downloads.htm
http://www.thegpm.org/crap/index.html
http://www.mcponline.org/cgi/content/full/RA119.001811/DC1
http://www.mcponline.org/cgi/content/full/RA119.001811/DC1


Mascot (2.3.02; Matrix Science). The fragment mass tolerance was
0.01 Da and the mass window for the precursor was � 10 ppm.
Assignment of phosphorylation sites were validated through manual
inspection of relevant MS/MS spectra. Individual sites were quantified
based on the summed reporter ion intensities for all matching pep-
tides. Non-phosphorylated peptides matching p120ctn were com-
bined to estimate unmodified protein abundance.

Experimental Design and Statistical Rationale—For each BioID ex-
periment, biological triplicates were employed (each replicate gener-
ated through independent harvests). Statistical scoring was per-
formed against 9 negative controls compressed to 3 virtual controls
using Significance Analysis of INTeractome (SAINT; SAINTexpress
3.6.1 was employed for p120ctn, and SAINTexpress 3.3 for RSK) as
described above. Control samples are described above. The average
SAINTexpress score was used to determine the Bayesian FDR, which
therefore requires a high confidence interaction to be detected across
at least two of the biological replicates. For the remainder of the
manuscript, statistical analyses were performed using a two-sample
unequal-variance Student t test. Data are presented as the mean �
S.E., and p values � 0.05 were statistically significant. Data are
representative of results from at least three independent experiments.

RESULTS

Global Analysis of Cellular RSK Proximity Partners—To
characterize the proximity partners of the RSK isoforms, we
conducted a proximity-dependent biotin identification (BioID)
screen in HEK293 cells, as done elsewhere (47). For this,
RSK1–4 were fused in-frame with a promiscuous form
(R118G) of the biotin ligase BirA (BirA*) (Fig. 1A). Each bait
was stably integrated in the tetracycline-inducible Flp-In T-
Rex HEK293 cell system, and additional control cell lines (No
BirA*, BirA*, BirA*-GFP) were generated to facilitate data anal-
ysis. The addition of tetracycline and exogenous biotin led to
the expression of the bait and protein biotinylation, respec-
tively (Fig. 1B). All baits appeared to be expressed to similar
levels and to the appropriate cellular compartments (Fig. 1C).
RSK1 and RSK3 were found to associate with insoluble ma-
terial following cell lysis with non-ionic detergents (Fig. 1D),
underscoring the need to use an in vivo proximity labeling
approach to assess their potential interacting partners. For
mass spectrometry (MS) analysis, cells were lysed and bio-
tinylated proteins were isolated using streptavidin-agarose
affinity capture. BioID coupled with MS was performed in
biological triplicates on these baits grown under standard
conditions (Fig. 1A). SAINTexpress (43) was used to define
high-confidence proximity interactions for each of the bait
proteins, and only high-confidence interactions (SAINT
score � 0.85 and FDR � 0.05, as statistical cut-off) were
considered further.

Using this approach, we identified 156 prey proteins as
RSK proximity partners (Fig. 2A, supplemental Tables S3A,
S4). Most proteins were identified with RSK1 and RSK3 as
baits, likely because of their localization to more specific
subcellular compartments (Fig. 1C–1D). To characterize the
global signature of identified proximity partners, we used the
Ingenuity Pathway Analysis platform (IPA). When analyzed
together, we found that RSK proximity partners were enriched

in specific cellular compartments, including cell junction (p �

2.44 � 10�9), anchoring junction (p � 1.12 � 10�8) and
plasma membrane (p � 5.92 � 10�7) (Fig. 2B–2C). According
to BioGRID (https://thebiogrid.org/) (48), we identified 7
known RSK interacting proteins, including ERK1 and ERK2.
We also identified known RSK substrates, such as ARH-
GEF12 (49) and EPHA2 (50), suggesting that the RSK prox-
imity interactome may also contain uncharacterized RSK sub-
strates. Consistent with this possibility, we compared these
data with a list of potential RSK substrates identified in a
recent phosphoproteomic study (18), and found that at least
10 proximity partners were previously tagged as potential
RSK substrates (Fig. 2D), including p120-catenin (p120ctn or
CTNND1).

Identification of p120ctn As A Substrate of the RSK Protein
Kinases—RSK is a basophilic protein kinase that operates
downstream of the RAS/MAPK pathway (9). To test its poten-
tial involvement in the regulation of p120ctn phosphorylation,
we first used an antibody that recognizes the RXXpS/T (where
X is any amino acid) consensus motif, which is typically phos-
phorylated by AGC family kinases such as RSK (51). HEK293
cells transfected with Myc-tagged human p120ctn were stim-
ulated with phorbol 13-myristate 12-acetate (PMA), and im-
munoprecipitated p120ctn was analyzed for phosphorylation
(Fig. 3A). Using this method, we found that acute PMA treat-
ment strongly stimulated p120ctn phosphorylation on
RXXpS/T consensus sites, which was prevented by treat-
ments with either MEK1/2 (PD184352) or RSK (BI-D1870)
inhibitors. We found that expression of RSK1–4 promotes
p120ctn phosphorylation on RXXpS/T consensus sites (Fig.
3B), suggesting that all four RSK isoforms have the potential
to promote p120ctn phosphorylation. To identify the exact
phosphorylation site(s) regulated by RSK, we used an MS-
based approach. As above, HEK293 cells were transfected
with Myc-tagged p120ctn, serum-starved overnight, and pre-
treated with vehicle, MEK1/2 or RSK inhibitors prior to being
stimulated with PMA. Immunoprecipitated p120ctn was iso-
lated via SDS-PAGE and digested in-gel with trypsin. Sam-
ples were then analyzed by liquid chromatography-assisted
tandem MS, and the relative abundance of all identified phos-
phopeptides was measured across experimental conditions.
Using this approach, we found that one phosphopeptide con-
taining a RSK motif showed significant changes between
resting (vehicle), activated (PMA) and inactivated (PD184352
or BI-D1870) conditions (Fig. 3C). This phosphopeptide was
found to contain Ser320, and identification of this residue as
being phosphorylated was obtained by MS/MS sequencing,
as depicted by the annotated MS/MS spectra. Using a phos-
phospecific antibody targeted against Ser320, we confirmed
that expression of all RSK isoforms promotes p120ctn phos-
phorylation at this site (Fig. 3D). Consistent with this, we found
that all four RSK isoforms co-immunoprecipitate with p120ctn
(Fig. 3E). In order to confirm that Ser320 phosphorylation
is RSK-dependent, we generated a non-phosphorylatable
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p120ctn mutant (S320A). Importantly, we found that mutation
of Ser320 completely abrogated p120ctn phosphorylation at
basic consensus motifs in response to PMA (Fig. 3F) and EGF
(Fig. 3G) stimulation. We also performed in vitro kinase assays
with purified proteins. Recombinant active RSK2 was incubated
in a kinase reaction buffer with immunoprecipitated p120ctn WT
or the S320A mutant (Fig. 3H). We found that activated RSK2
increased the phosphorylation of immunoprecipitated p120ctn
WT, but not the S320A mutant. Taken together, these results

indicate that Ser320 is the predominant RSK-dependent phos-
phorylation site in p120ctn. Interestingly, Ser320 is located
within the regulatory domain of p120ctn (Fig. 3I), suggesting that
its phosphorylation may modulate p120ctn function in cells.
Ser320 appears to be evolutionarily conserved among verte-
brate species (Fig. 3J), suggesting that this phosphorylation
event may play important regulatory roles.

RSK is Required for p120ctn Phosphorylation in Cells—To
assess the regulation of Ser320 in cells, we used a phospho-

FIG. 1. Proteomic strategy to identify RSK proximity partners. A, Schematic representation of the different bait proteins analyzed using
BioID. Each RSK isoforms was fused at its N-terminus with a Flag epitope followed by the mutant E. coli biotin conjugating protein BirA-R118G
(BirA*) in a tetracycline inducible system. In the presence of tetracycline and biotin, the expressed baits were allowed to biotinylate proximity
cellular components on lysine residues. Following cell lysis using stringent conditions, biotinylated proteins were affinity-purified using
streptavidin beads. Streptavidin-bound proteins were washed and subjected to trypsin proteolysis, and the peptides were identified using
LC-MS/MS. B, HEK293 Flp-In T-REx stable cell lines were treated with tetracycline in the presence of biotin for 24 h to induce bait expression
and proximity biotinylation. Bait expression and associated biotinylation patterns were monitored using Flag antibodies and streptavidin-HRP,
respectively. C, HEK293 Flp-In T-REx stable cell lines expressing bait proteins were imaged using immunofluorescence microscopy. Cells were
stained with Flag antibodies and DAPI to visualize nuclei. Scale bars, 10 �m. D, HEK293 cells transfected with HA-tagged RSK1–4 were lysed
using non-ionic detergents. Homogenate cell lysates were divided into three different fractions (H, Homogenate; S, Soluble; P, Pellet).
Immunoblotting results were quantified for intensity using MultiGauge software.
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specific antibody directed against this phosphorylation site.
As expected, we found that potent agonists of the RAS/MAPK
pathway, including PMA and EGF, robustly stimulated
p120ctn phosphorylation at Ser320 in HEK293 cells (Fig. 4A).
Conversely, activation of Akt, a basophilic kinase of the AGC
family that shares common substrates with RSK (51), by se-
rum or insulin, did not promote Ser320 phosphorylation (Fig.
4A). We also treated cells with increasing concentrations of
insulin, but despite high Akt phosphorylation levels, we did
not detect Ser320 phosphorylation (Fig. 4B), confirming that
Akt does not regulate this phosphorylation site. Prolonged
stimulation using PMA or EGF in HEK293 cells leads to a
strong phosphorylation at Ser320 (Fig. 4C), confirming the

involvement of the RAS/MAPK pathway in this phosphoryla-
tion event. This was further confirmed using pharmacologic
inhibitors in HEK293 cells. We found that MEK1/2 inhibition
using PD184352 decreased Ser320 phosphorylation induced
by PMA or EGF stimulation (Fig. 4D), whereas mTOR inhibi-
tors (Ku-0063794, rapamycin) or a dual PI3K/mTOR inhibitor
(PI-103) did not affect p120ctn phosphorylation. To confirm
the involvement of RSK in Ser320 phosphorylation in cells, we
used small interfering RNA (siRNA)-mediated RNA interfer-
ence (RNAi) to specifically reduce RSK1 and RSK2 expres-
sion, the predominant RSK isoforms expressed in HEK293
cells. We found that knockdown of RSK1 and RSK2 signifi-
cantly reduced p120ctn phosphorylation in response to PMA

FIG. 2. Characterization of the RSK proximity partners. A, Detailed proximity interactions for all preys identified by BioID. Proximity
partners are organized with respect to associated baits, and relative levels are shown using normalized spectral counts. Upstream protein
kinases ERK1 (MAPK1) and ERK2 (MAPK3) are shown in orange, as well as the interactor analyzed in this study (CTNND1, p120ctn). B, RSK
proximity partners identified and their association with specific cellular components. C, Gene ontology (GO) enrichments for cellular
components and molecular functions. D, Venn diagram showing the overlap in identified proteins from BioID experiments and a previous RSK
phosphoproteomic study (18).
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FIG. 3. RSK phosphorylates p120ctn at Ser320. A, HEK293 cells were transfected with an empty vector (EV) or Myc-tagged p120ctn,
serum-starved overnight and pretreated with PD184352 (10 �M) or LJH685 (10 �M) for 30 min before PMA (100 ng/ml) stimulation.
Immunoprecipitated (IP) Myc-p120ctn was then assayed for phosphorylation with a phosphomotif antibody that recognizes the RXXpS/T
consensus. Protein lysates were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. B, As in (A), except
that HA-tagged RSK1–4 were transfected along with Myc-p120ctn. Immunoprecipitated (IP) Myc-p120ctn was then assayed for phospho-
rylation with a phosphomotif antibody that recognizes the RXXpS/T consensus. C, Phosphorylation of human p120ctn at Ser320 was confirmed
via high-resolution MS/MS sequencing using immunoprecipitated p120ctn under the same conditions as in (A). After SDS-PAGE separation,
bands corresponding to p120ctn were excised and proteins were digested in-gel with trypsin for relative quantification. (Inset) Relative
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abundance of phosphorylated Ser320 across the four conditions normalized with respect to overall p120ctn abundance. D, HEK293 cells were
transfected with HA-tagged RSK1–4, serum-starved overnight, and treated with EGF (25 ng/ml) for 10 min. Cell lysates were assessed for
endogenous p120ctn phosphorylation using a phosphospecific antibody targeted against Ser320. E, HEK293 cells were co-transfected with
Myc-p120ctn and HA-tagged RSK1–4. The presence of HA-tagged RSK1–4 was then assessed within Myc-p120ctn immunoprecipitates.
Protein lysates were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. F, G, HEK293 cells were
transfected with WT p120ctn or potential RSK phosphorylation site mutant (S320A), serum starved overnight, and stimulated with PMA (100
ng/ml) or EGF (25 ng/ml). Immunoprecipitated (IP) Myc-p120ctn and protein lysates were analyzed as in (A). H, Recombinant-active RSK2 was
incubated with immunoprecipitated p120ctn WT or the non-phosphorylatable mutant S320A in a kinase reaction. Immunoprecipitated proteins
were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. I, Schematic representation of p120ctn. CC,
Coiled Coil; RD, Regulatory Domain; ARM, Armadillo-Repeats. J, Sequence surrounding Ser320 in p120ctn from various species were aligned
to show the evolutionary conservation of the Ser320 residue within a RSK consensus motif (RXRXXS, where X is any amino acid).

FIG. 4. The Ras/MAPK pathway mediates Ser320 phosphorylation in a RSK-dependent manner. A, HEK293 cells were serum-starved
overnight before stimulation for 10–30 min with agonists of the Ras/MAPK (PMA, 100 ng/ml; EGF, 25 ng/ml) and PI3K/Akt (Insulin, 100 nM; FBS,
10%) pathways. Protein lysates were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. B, HEK293 cells
were serum-starved overnight before PMA (100 ng/ml) or insulin stimulation at increasing concentrations ranging from 50 to 200 nM. Protein
lysates were analyzed as in (A). C, HEK293 cells were serum-starved overnight before a time course of PMA (100 ng/ml) or EGF (25 ng/ml)
stimulation. Extracts were prepared at the indicated times and analyzed as in (A). D, HEK293 cells were serum-starved overnight and pretreated
with PD184352 (10 �M), PI-103 (1 �M), Ku-0063794 (10 �M) or rapamycin (25 nM) for 30 min before PMA (100 ng/ml) or EGF (25 ng/ml)
stimulation. Protein lysates were analyzed as in (A). E, HEK293 cells were transfected with siRNAs targeted against a scrambled sequence (NT),
RSK1, RSK2 or both, serum-starved and stimulated either with PMA (100 ng/ml) or EGF (25 ng/ml). Protein lysates were analyzed as in (A). F,
HEK293 cells were serum-starved and pretreated with BI-D1870 (10 �M) or LJH685 (10 �M) for 30 min before PMA (100 ng/ml) or EGF (25
ng/ml) stimulation. Protein lysates were analyzed as in (A).
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or EGF stimulation (Fig. 4E). Knockdown of both RSK1 and
RSK2 further reduced Ser320 phosphorylation compared with
knockdown of RSK1 or RSK2 alone, suggesting that both
isoforms may be responsible for p120ctn phosphorylation. As
expected from the RNAi data, we confirmed that RSK is
required for the phosphorylation of endogenous p120ctn in
HEK293 cells, as two different RSK inhibitors (BI-D1870,
LJH685) were found to reduce Ser320 phosphorylation after
PMA or EGF stimulation (Fig. 4F). Taken together, these re-
sults confirm that RSK is required for p120ctn phosphoryla-
tion at Ser320 in response to agonists of the RAS/MAPK
pathway.

p120ctn Maintains Cell-Cell Adhesion in BRAF-mutated
Melanoma—Melanomas are characterized by the hyperacti-
vation of the RAS/MAPK pathway (7, 52), and RSK activity
was shown to be elevated in cells derived from this cancer
subtype (19, 20). To determine if the RAS/MAPK pathway
regulates p120ctn phosphorylation in melanoma cells, we
tested several pathway inhibitors in BRAF-mutated cell lines
(Colo829 and A375). As observed in HEK293 cells, we found
that p120ctn phosphorylation was affected by MEK1/2 inhi-
bition using PD184352, but not by mTOR inhibitors (Ku-
0063794, rapamycin) or a dual PI3K/mTOR inhibitor (PI-103)
(Fig. 5A). These results indicate that p120ctn phosphorylation
is mainly regulated by the RAS/MAPK pathway in melanoma
cells. We also found that treatment of A375 and Colo829 cells
with RSK inhibitors (BI-D1870, LJH685, SL0101) abrogated
p120ctn phosphorylation at Ser320 (Fig. 5B), indicating that
RSK is the main kinase acting downstream of the RAS/MAPK
pathway in BRAF-mutant melanoma cells. To confirm these
results, we used a knockdown approach with lentiviral shR-
NAs targeted against two different sequences in both RSK1
and RSK2 mRNAs. Compared with a control shRNA (shNT) or
shRNAs against RSK1 (shRSK1.1, shRSK1.2), we found that
depletion of RSK2 (shRSK2.1, shRSK2.2) resulted in a signif-
icant decrease of Ser320 phosphorylation in serum-growing
Colo829 (Fig. 5C), demonstrating that RSK2 is the predomi-
nant isoform regulating p120ctn phosphorylation in these
cells. Finally, we investigated whether p120ctn is phosphoryl-
ated in human tissues and found by immunohistochemistry
that Ser320 phosphorylation was increased in melanoma
compared with adjacent normal skin (Fig. 5D), suggesting that
this phosphorylation event has important functions in mela-
noma development.

Although p120ctn has been studied in many types of can-
cer (35), its role in melanoma remains elusive. To determine its
importance in BRAF-mutated melanoma cells, we used a
knockdown approach with lentiviral shRNAs. As expected
(53), we found that depletion of p120ctn using two different
shRNAs (p120ctn1, p120ctn2) reduced N-cadherin protein
levels (Fig. 5E). We also assessed the subcellular localization
of endogenous N-cadherin, and found that p120ctn knock-
down decreased its plasma membrane localization while si-
multaneously increasing its cytoplasmic levels (Fig. 5F). These

results indicate that p120ctn promotes the stability of N-
cadherin at the plasma membrane of melanoma cells, as
previously described in several other cell types (29). To de-
termine if p120ctn regulates intercellular adhesion strength in
melanoma cells, A375 cells subjected to p120ctn knockdown
were lifted using dispase and tissue fragmentation calculated
following mechanical stress (number of single cells/total cell
number) (54, 55). We found that depletion of p120ctn using
two different shRNAs increased cell fragmentation (Fig. 5G),
indicating that p120ctn is required for melanoma cell-cell
adhesion.

RSK Negatively Regulates Cell-Cell Junctions in Melano-
ma—Although the RAS/MAPK pathway regulates diverse bi-
ological processes, few studies have addressed its role in the
regulation of cell-cell adherence. RSK was shown to promote
the transition from multicellular epithelium to single cell phe-
notype, but these effects were found to be transcription-de-
pendent (56, 57). To determine if RSK regulates melanoma
cell-cell adhesion, we performed a fragmentation assay on
cells subjected to RSK1/2 knockdown or treated with phar-
macological inhibitors. Consistent with a role for RSK in cell-
cell adhesion, we found that knockdown of both RSK1 and
RSK2 (shRSK1/2) significantly reduced A375 cell fragmenta-
tion (Fig. 6A). We also evaluated A375 cells pretreated with
either vehicle (DMSO), MEK1/2 (PD184352) or RSK (LJH685)
inhibitors (Fig. 6B and 6C), and found that cell fragmentation
was reduced by RSK inhibition. Taken together, these results
indicate that the RAS/MAPK pathway and RSK negatively
regulate intercellular junctions.

Our results indicate that p120ctn is required for melanoma
cell-cell adhesion, and that RSK constitutively phosphorylates
Ser320 in these cells. As we found that RSK also regulates
melanoma cell-cell adherence, we assessed the role of
p120ctn phosphorylation in this cellular process. First, we
evaluated the subcellular localization of endogenous p120ctn
and N-cadherin in A375 cells treated with either vehicle
(DMSO), MEK1/2 (PD184352) or RSK (LJH685) inhibitors (Fig.
6D). We found that both p120ctn and N-cadherin did not
change localization in response to RSK inhibition, suggesting
that Ser320 phosphorylation does not regulate p120ctn local-
ization. To determine if RSK regulates the interaction between
p120ctn and N-cadherin, melanoma cells were treated with
MEK1/2 (PD184352) and RSK (LJH685) inhibitors prior to
p120ctn immunoprecipitation. Consistent with the subcellular
localization results, we found that RSK inhibition did not affect
N-cadherin binding to p120ctn (Fig. 6E). To specifically eval-
uate the role of Ser320 phosphorylation, we generated stable
A375 cell lines expressing either GFP, wild-type p120ctn
(WT), or the non-phosphorylatable (S320A) or potential phos-
phomimetic (S320D) mutants. The stable cell lines were de-
pleted for endogenous p120ctn using an shRNA targeting the
3	UTR of the endogenous p120ctn mRNA and assessed for
cell-cell adhesion using the fragmentation assay. Although
p120ctn depletion increased the fragmentation of GFP-ex-
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FIG. 5. p120ctn is phosphorylated at Ser320 and maintains cell-cell adhesion in BRAF-mutated melanoma cells. A, A375 and Colo829
cells were serum-starved overnight and pretreated with PD184352 (10 �M), PI-103 (1 �M), Ku-0063794 (10 �M) or rapamycin (25 nM) for 30 min.
Endogenous p120ctn phosphorylation was assessed by immunoblotting. B, Same as (A), except that A375 and Colo829 cells were treated with
LJH685 (10 �M), BI-D1870 (10 �M) or SL0101 (50 �M) for 30 min. C, RNAi was performed in Colo829 cells with shRNAs against RSK1 (shRSK1.1
or shRSK1.2) or RSK2 (shRSK2.1 or shRSK2.2) or both, to generate stable knockdowns. shRNA efficiency and p120ctn phosphorylation was
then evaluated through immunoblotting with the indicated antibodies. D, IHC analysis of p120ctn phosphorylated on S320 in human melanoma
tissue microarrays. A representative image of normal skin adjacent to melanoma tissues shows increased labeling with the phospho-Ser320
antibody. For each case analyzed, the labeling was quantified and compared between normal skin (black) and melanoma lesions (red). Values
represent the quantification of phospho-Ser320 from nine individual patients. E, A375 cells were knocked down for p120ctn using two different
shRNA constructs (p120ctn1 or 2). shRNA efficiency was assessed by immunoblotting with the anti-p120ctn antibody. F, Immunofluorescence
images of growing A375 cells stably expressing a control shRNA (shNT) or shRNAs against p120ctn (shp120ctn1 or 2). Cells were stained with
anti-p120ctn to monitor p120ctn expression, with anti-N-cadherin to monitor N-cadherin expression and DAPI to visualize nuclei. Scale bars,
10 �m. G, Dispase treatment caused separation of the monolayer in all cells treated. Mechanical stress following dispase treatment led to the
breakdown of A375 cells stably expressing a control shRNA (shNT) or shRNAs against p120ctn (shp120ctn1 or 2). Bar graph showing the
average number of single cells recorded under the three conditions tested. n � 3 for all conditions. Fragmentation was calculated based on
the ratio of single cell over the total cell number per plate. Statistically significant changes are indicated by asterisks (*, p � 0.05; **, p � 0.01;
***, p � 0.001 by unpaired Student t test).
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pressing cells, we found that all three p120ctn alleles rescued
cell-cell adhesion to the same extent (Fig. 6F). These results
suggest that Ser320 phosphorylation does not regulate
p120ctn-mediated cell-cell adhesion, which is consistent with
the ability of each p120ctn allele to rescue N-cadherin expres-

sion in response to p120ctn knockdown (Fig. 6F). Together,
these results indicate that, although p120ctn and RSK regu-
late melanoma cell-cell adhesion, the role of Ser320 phospho-
rylation remains elusive and additional approaches are re-
quired to elucidate its function.

FIG. 6. RSK regulates intercellular adhesion strength. A, Dispase treatment caused separation of the monolayer in all cells treated.
Mechanical stress following dispase led to the breakdown of A375 cells stably expressing a control shRNA (shNT) or shRNA against RSK1/2
(shRSK1/2). Bar graph showing the average number of single cells recorded under the three conditions tested. n � 3 for all conditions. Protein
lysates from each condition were analyzed by immunoblotting with the indicated antibodies. B, C, As in (A), except that A375 cells were
pretreated during 24 h with PD184352 (10 �M) or LJH685 (10 �M) before dispase treatment. D, A375 were imaged using immunofluorescence
microscopy after a treatment with PD184352 (10 �M) or LJH685 (10 �M) for 24 h. Cells were stained with anti-p120ctn to monitor p120ctn
expression, with anti-N-cadherin to monitor N-cadherin expression and DAPI to visualize nuclei. Scale bars, 10 �m. E, A375 cells were treated
with PD184352 (10 �M) or LJH685 (10 �M) for 24 h. p120ctn was immunoprecipitated with anti-p120ctn antibody, and immunoblotting was
performed on immunoprecipitates and cell lysates using indicated antibodies. F, As in (A), except that A375 cells were stably expressing a
control shRNA (shNT) and GFP protein, or an shRNA against the 3	UTR of endogenous p120ctn and GFP protein or exogenous form of p120ctn
(p120ctnWT, p120ctnS320A or p120ctnS320D) before dispase treatment. Bottom part shows protein lysates from each condition analyzed by
immunoblotting with the indicated antibodies. Depletion or expression of endogenous/exogenous p120ctn in each condition was assessed
using the p120ctn antibody. Statistically significant changes are indicated by asterisks (*, p � 0.05; **, p � 0.01; ***, p � 0.001 by unpaired
Student t test).
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Phosphorylation of p120ctn at Ser320 Regulates Its Cellular
Proximity Partners—To investigate the potential role of
p120ctn phosphorylation at Ser320, we generated stable
HEK293 Flp-In T-Rex cell lines expressing wild-type p120ctn
(WT), or the S320A and S320D mutants fused in-frame with
the promiscuous biotin ligase BirA (R118G). These cell lines
were found to express similar levels of fusion proteins and
exhibited similar protein biotinylation patterns (Fig. 7A). Using
these cells, we performed a BioID analysis and found signif-
icant proximity partners (SAINT score 
 0.5 and FDR � 0.1)
for wild-type p120ctn (WT) (98), as well as the S320A (107)
and S320D (76) mutants (supplemental Tables S3B, S5). Al-
though �25% of identified proteins were common to the three
different baits, we identified several specific proximity part-
ners (Fig. 7B). Common proximity partners include several
known p120ctn interactors, such CDH2 (N-cadherin), CT-
NNA1 (�-catenin), CTNNB1 (�-catenin) and PLEKHA7 (35,
58). In addition to proteins involved in adherens junctions and
cytoskeletal organization, our results suggest that p120ctn
associate with several proteins involved in RNA metabolism
(Fig. 7C). Among these, we found LSM14A, EIF4ENIF1 (4E-T)
and AGO2, which were mainly identified as preys of the
p120ctn S320D mutant. Using confocal microscopy, we con-
firmed the co-localization of p120ctn and 4E-T near intercel-
lular junctions, as confirmed by analyzing Z-stack projections
and by monitoring relative fluorescence intensity across a
field (Fig. 7D and 7E). We further confirmed these results by
showing the correlation (r � 0.503) between p120ctn and
4E-T pixels (Fig. 7F). Together, these results suggest that
Ser320 phosphorylation may affect several aspects of
p120ctn function, including new functions in RNA metabolism
that have not yet been explored.

DISCUSSION

In this study, we describe the first global in vivo proximity
labeling study of the RSK protein kinases (Fig. 1 and 2). Using
BioID, we identified several potential cellular partners, includ-
ing p120ctn, a member of the Armadillo-repeat protein family.
We characterized p120ctn as a new RSK substrate (Fig. 3, 4
and 5), and we found that phosphorylation at Ser320 poten-
tially modifies its proximity cellular partners (Fig. 7). Notably,
we reveal that p120ctn colocalizes with 4E-T at sites of cell-
cell adhesion, suggesting that p120ctn regulates RNA silenc-
ing within this cellular compartment (Fig. 7). Importantly, we
also demonstrate the key role played by p120ctn in melanoma
cell-cell junctions (Fig. 5), and we show that RSK negatively
regulates AJ integrity (Fig. 6).

The BioID approach identifies proximity partners that are
within a 10–20-nm radius from the bait fused to BirA (47), and
thereby provides information about the localization of bait
proteins. Most of the proteins identified using RSK as bait
were found to localize at the plasma membrane and have
roles related to this cellular compartment (Fig. 2). These re-
sults are interesting because the majority of RSK substrates

identified so far were not shown to localize to the plasma
membrane (9). However, our results support several studies
reporting a potential role for RSK at the plasma membrane,
including the phosphorylation of Filamin A (59, 60), which is
involved in the stabilization of actin cortex. Also, most mem-
brane-associated proteins were identified using RSK3 as bait
(Fig. 2), suggesting a specific role for RSK3 at this cellular
compartment. Interestingly, we found that all four RSK iso-
forms associate with p120ctn by co-immunoprecipitation. At
first glance, these results appear contradictory to BioID re-
sults showing a specificity toward RSK3 but may suggest that
RSK3 spends more time in the vicinity of p120ctn than any
other RSK isoforms. Notwithstanding the possibility that these
apparent discrepancies could be false negative results from
BioID experiments, our additional data clearly indicate that all
four RSK isoforms appear to phosphorylate p120ctn in cells.

By controlling the stability of cadherins at the plasma mem-
brane, p120ctn maintains cell-cell adhesion (27–29). Negative
regulation and/or mis-localization of p120ctn have been re-
ported in many cancers, leading most of the time to the
emergence of the epithelial-mesenchymal transition (EMT)
process (35). Our results suggest the importance of p120ctn
in maintaining intercellular junctions in melanoma cells (Fig. 5).
We identified Ser320 as a novel p120ctn phosphorylation site
and demonstrated its regulation by the RAS/MAPK pathway
and more specifically, RSK (Fig. 3 and 4). This phosphoryla-
tion event was found to modify the proximity partners of
p120ctn (Fig. 7). Indeed, our data suggest that p120ctn phos-
phorylation at Ser320 promotes its relocalization to P-bodies
(Fig. 7). Finally, we show that Ser320 phosphorylation is in-
creased in human melanomas (Fig. 5D), suggesting that this
phosphorylation may be used as a biological marker for mel-
anoma development. This corroborates with several studies
showing that phosphorylated p120ctn expression has a pre-
dictive value for cancer progression (34).

Using the cell fragmentation approach, we found that inhi-
bition of RSK activity promotes the maintenance of intercel-
lular junctions (Fig. 6A–6C). These results suggest that tumor
cells with deregulated RSK activity, such as melanoma, may
have weaker intercellular junctions, but these effects do not
seem to require p120ctn phosphorylation at Ser320. RSK may
promote cell fragmentation by regulating other substrates at
the plasma membrane, as several proximity interactors iden-
tified may play some roles in AJ maintenance. Additional
studies will be required to decipher the underlying molecular
mechanisms mediating the effect of RSK on the integrity of
intercellular junctions.

Using BioID, we were able to identify two known functional
clusters of p120ctn involved in cell-cell adhesion and cyto-
skeletal organization (Fig. 7C). We also found a new protein
cluster involved in translational regulation and RNA interfer-
ence, which may be affected by p120ctn phosphorylation
status. Recent studies have shown that p120ctn interacts with
PLEKHA7, which recruits AGO2, GW182, PABPC1 and sev-
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eral accessory proteins of the RNA-induced silencing com-
plex (RISC) (61). Our results suggest that the RNA transporter
4E-T, which was shown to enhance RNA silencing (62), may

also be part of this complex (63). We found that p120ctn and
4E-T colocalize near sites of cell-cell adhesion, suggesting that
4E-T regulates RNA silencing within adherens junctions. More

FIG. 7. p120ctn proximity partners are regulated by Ser320 phosphorylation. A, HEK293 Flp-In T-REx stable cell lines were treated with
tetracycline in the presence of biotin for 24 h to induce bait expression and proximity biotinylation. Bait expression and biotinylation patterns were
monitored using a Flag antibody and Streptavidin-HRP, respectively. B, Venn diagram showing the overlap of proximity interactors identified by
BioID with the three different baits. Only the preys with a SAINT Score 
 0.5 were considered. C, Dotplot of selected interaction partners identified
by BioID. The node color represents the average spectral count sum (n � 3), the node edge color corresponds to the SAINT Score and the node
size displays the relative abundance of a given prey across the three conditions compared. D, A375 cells were stained for endogenous p120ctn
(green) and 4E-T (red), and pictures were taken with a confocal microscope. White dots represent p120ctn and 4E-T colocalization. E, Graph
representing the relative fluorescence intensity of 4E-T and p120ctn along the area shown by the red arrow in (D). F, Scatter plot representing the
correlation between in p120ctn and 4E-T staining. The red line represents the Pearson correlation trendline. Scale bars, 10 �m.
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experimentation will be required to address the role of p120ctn
phosphorylation at Ser320 in the regulation of RNA silencing.

In conclusion, our study reveals the robust and comprehen-
sive power of our proteomic approach to identify potential
RSK substrates and cellular partners. Our results implicating
RSK in the regulation of p120ctn and cell-cell adhesion sup-
port the possibility that RSK may be a valuable therapeutic
target against cancer. Our proteomic findings also suggest
that the RSK isoforms play various biological functions down-
stream of the RAS/MAPK pathway, and that many more RSK
cellular partners remain to be characterized.
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