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Abstract

The precise characteristics that distinguish normal and oncogenic RAS signaling remain obscure. 

Here we show that oncogenic RAS and BRAF induce perinuclear re-localization of several RAS 

pathway proteins, including the kinases CK2 and p-ERK1/2 and the signaling scaffold KSR1. This 

spatial reorganization requires endocytosis, the kinase activities of MEK-ERK and CK2, and the 

presence of KSR1. CK2α co-localizes with KSR1 and Rab11, a marker of recycling endosomes, 

whereas p-ERK associates predominantly with a distinct KSR1-positive endosomal population. 

Notably, these perinuclear signaling complexes (PSCs) are present in tumor cell lines, mouse lung 

tumors and mouse embryonic fibroblasts undergoing RAS-induced senescence. PSCs are also 

transiently induced by growth factors (GFs) in non-transformed cells with delayed kinetics (4–6 

hr), establishing a novel late phase of GF signaling that appears to be constitutively activated in 

tumor cells. PSCs provide an essential platform for RAS-induced phosphorylation and activation 

of the pro-senescence transcription factor C/EBPβ in primary MEFs undergoing senescence. 

Conversely, in tumor cells C/EBPβ activation is suppressed by 3′UTR-mediated localization of 

Cebpb transcripts to a peripheral cytoplasmic domain distinct from the PSC region. Collectively, 

our findings indicate that sustained PSC formation is a critical feature of oncogenic RAS/BRAF 

signaling in cancer cells that controls signal transmission to downstream targets by regulating 

selective access of effector kinases to substrates such as C/EBPβ.
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Introduction

RAS GTPases play pivotal roles in transducing extracellular growth factor (GF) signals to 

downstream pathways. RAS proto-oncogenes are among the most frequently mutated in 

cancer, with ~30% of human and rodent tumors carrying RAS lesions (1). RAS cancers are 

particularly aggressive and resistant to treatment and are associated with poor clinical 

outcomes. Oncogenic mutations stabilize the active GTP-bound form of RAS, resulting in 

continuous GF-independent signaling, primarily through the RAF-MEK-ERK (MAPK) 

pathway. The prevalence of RAS mutations in cancer has prompted extensive efforts to 

define the properties that distinguish mutant RAS signaling from that elicited by GFs. 

Oncogenic RAS signaling is often characterized by strong effector pathway activation, 

particularly through the MAPK cascade, and sustained duration (2). By contrast, GF-

induced signal transduction is constrained by feedback regulators that attenuate RAS-ERK 

activation (3), and these controls are absent or curtailed in RAS tumor cells. Although 

normal and pathological RAS signaling have been studied extensively, a full understanding 

of the features that underlie “oncogenic drive” by mutant RAS is still lacking. For example, 

cancer cells do not always exhibit elevated MAPK pathway output despite the presence of 

mutations such as KRAS that are expected to activate the RAF-MEK-ERK cascade (The 

Cancer Genome Atlas Research Network, 4,5). These observations suggest that additional 

properties besides RAS-ERK amplitude may be required for neoplastic transformation.

In addition to its oncogenic activity in cancer cells, expression of mutant RAS in normal 

primary cells can provoke oncogene-induced senescence (OIS), a permanent form of cell 

cycle arrest that provides an intrinsic barrier to tumorigenesis (6-8). Senescence typically 

involves induction of the Arf-p53 and p16Ink4a-Rb tumor suppressor pathways. The 

transcription factor C/EBPβ has also emerged as an important effector of RAS- and BRAF-

induced senescence in primary fibroblasts. Cebpb−/− MEFs or CEBPB-depleted human 

fibroblasts do not undergo OIS and display impaired expression of senescence-associated 

secretory phenotype (SASP) genes (9-12), which are typically up-regulated in senescent 

cells (13,14). Oncogenic RAS induces post-translational activation of C/EBPβ, which 

otherwise is maintained in an auto-inhibited, low activity state (15-18). The activated form 

of C/EBPβ is cytostatic, recruits p300/CBP coactivators and activates SASP genes (9,18). C/

EBPβ can also be transiently activated by normal GF signals. C/EBPβ de-repression is 

critically dependent on the RAF-MEK-ERK cascade, and several RAS–induced 

modifications mediate increased DNA binding, transcriptional activity and 

homodimerization (18). C/EBPβ is directly phosphorylated by ERK on Thr188 (19), 

although this modification is dispensable for RAS-induced DNA binding (18). In addition, 

phosphorylation on C/EBPβ Ser273 in the leucine zipper by the ERK-activated kinase, 

p90RSK, potentiates DNA binding and homodimerization and is critical for its cytostatic 

activity (18).

We previously reported that C/EBPβ activation by HRASG12V signaling is suppressed in 

immortalized/transformed cells by the 3′ untranslated region (3′UTR) of its mRNA (20). 

This novel mechanism, termed “3′UTR regulation of protein activity” (UPA), depends on 

3′UTR-mediated localization of Cebpb transcripts to the peripheral cytoplasm. In this 

location, newly-synthesized C/EBPβ is inaccessible to its activating kinase, p-ERK1/2, 
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which is confined to a distinct perinuclear region of the cytoplasm. This spatial separation 

from p-ERK, and potentially other kinases, suppresses C/EBPβ activation in tumor cells and 

prevents it from inducing growth arrest, senescence and SASP genes. Importantly, UPA is 

not observed in primary cells such as MEFs that undergo OIS (20). In these cells, 

endogenous C/EBPβ expressed from the native 3′UTR-containing transcript can be 

activated by oncogenic RAS signaling and Cebpb transcripts are uniformly localized in the 

cytoplasm. Thus, UPA disengages C/EBPβ from RAS signaling specifically in tumor cells, 

facilitating senescence bypass.

Here, we have assessed the subcellular localization of several RAS pathway proteins and the 

role of such compartmentalization in regulating signal transmission to C/EBPβ. We show 

that perinuclear signaling complexes (PSCs), which are localized structures containing 

multiple RAS pathway components, are induced persistently or transiently by mutant and 

physiological RAS signaling, respectively. Disruption of PSCs blocked RAS-C/EBPβ 
signaling. Furthermore, sustained PSC formation was observed in all tumor cells examined, 

indicating a critical function for localized RAS signaling in neoplastic transformation. Our 

studies provide new insights into the spatial organization of RAS pathway kinases and 

highlights their involvement in controlling post-translational activation of a downstream 

effector.

Materials and Methods

Animals and preparation of MEFs

Mice were maintained in accordance with National Institutes of Health animal guidelines 

following protocols approved by the NCI-Frederick Animal Care and Use Committee. 

Mouse embryonic fibroblasts (MEFs) were isolated from WT and KSR1−/− E13.5 mouse 

embryos (21) and were maintained at low passage without immortalization. KrasLA2/+ mice 

(22) were aged to allow spontaneous development of lung tumors. Ad.Cre virus (Viral 

Vector Core Facility, University of Iowa College of Medicine) was administered to LSL-
BRAFV600E/+ animals (23) by intratracheal instillation (7.5×106 Pfu/animal) to induce lung 

tumors.

Cells and cell culture

A549, A375, HEK-293T, HeLa, MDA-MB-231, RKO, and HepG2 cells (American Type 

Culture Collection, Rockville, MD) and 293GP2 packaging cells (ATTC) were cultured in 

DMEM (Gibco) supplemented with 10% FBS (Gibco). MCF10a cells (ATCC) were cultured 

in DMEM supplemented with Horse Serum (5%), EGF (20ng/ml), Hydrocortisone (0.5 mg/

ml), Cholera Toxin (100 ng/ml) and Insulin (10 μg/ml). MIA PaCa-2 cells (ATCC) were 

cultured in DMEM with 10% fetal bovine serum and 2.5% horse serum (Gibco). SW-1573 

cells (ATCC) were grown in RPMI-1640 (Gibco) with 10% fetal bovine serum. NIH3T3 and 

3T3RAS cells were grown in DMEM with 10% calf serum (Colorado Serum Company). All 

media were supplemented with Normocin (InvivoGen) to prevent Mycoplasma 

contamination. Cell lines were not authenticated. Cells were generally passaged fewer than 5 

times, and freshly thawed cells were maintained in culture for no more than two weeks 

before conducting experiments. For serum starvation, cells were plated and cultured for 24 
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hr, the media was replaced by DMEM containing 0.1% serum for 24 hr, after which the cells 

were stimulated with 10% serum and harvested at the indicated time points.

Antibodies and reagents

Affinity-purified rabbit antibody to Rab11 (D4F5), p-ERK (197G2) and phospho-C/EBPβ 
(T235/T188, #3084) were purchased from Cell Signaling Technologies. Rabbit antibodies to 

C/EBPβ (C-19), ERK1 (C-19), CK2α (H-286), KSR-1 (H-70), BRAF (H-145) and actin 

(I-19-R), and mouse antibodies to CK2α (E-7), p-ERK (E-4), p-Elk-1 (B-4) and BRAF 

(F-7) were purchased from Santa Cruz Biotechnology. Rabbit antibody to HRAS 

(GTX-116041) was from GeneTex. Mouse antibodies to Rab11 and RAS (panRAS) were 

from BD Biosciences. Affinity purified mouse antibody against Pyo epitope tag (Glu-Glu) 

was purchased from BioLegend. Anti-mouse (W4028) and anti-rabbit (W4018) HRP 

conjugated secondary antibodies were from Promega. Anti-Mouse Alexa® Fluor 488 and 

anti-rabbit Alexa® Fluor 594 conjugated secondary antibody was from Thermo. An anti-

phospho-Ser222/223 antibody was raised in rabbits using the following immunogenic 

peptide: (NH2-Cys-Lys-Ala-Val-Asp-Lys-Leu-P-Ser-Asp-Glu-Tyr-Lys). The N-terminal Cys 

was added for coupling to KLH and the C-terminal Lys was amidated. The antiserum was 

purified by affinity binding to the phosphorylated peptide and absorbed against the non-

phosphorylated peptide.

FuGENE6 and X-tremeGENE HP DNA transfection reagents were from Roche Diagnostics. 

Inhibitors, including dynasore hydrochloride (Santa Cruz), TBB (Sigma), CX-4945 

(Activate Scientific), U0126 (Promega) and SCH772984 (MedChem Express), were 

reconstituted following the manufacturer’s recommendations and used at the indicated 

doses. ON-Target Plus Smart Pool siRNA against mouse CK2α (L-058353-00 and 

L-051582-00), and KSR-1 (L-045873-00) and a non-silencing control siRNA 

(D-001810-10) were purchased from Dharmacon (Thermo Scientific). CK2 holoenzyme was 

purchased from SignalChem. Primers used in RT-qPCR analysis were from Qiagen: Il-6 
(QT00098875), Il1a (QT00113505), Cxcl1 (QT00115647), Cxcl2 (QT00113253), Ccr1 
(QT00156058) and Pp1a (QT00247709).

Plasmids

Expression plasmids for the mouse C/EBPβ coding region (C/EBPβΔUTR) and C/EBPβ 
coding region plus 3′UTR (C/EBPβUTR) were previously described (20); the inserts were 

also transferred to pBabe-puro. Lentiviral expression vectors for GFP-tagged mouse KSR1 

and mCherry-tagged mouse CK2α were purchased from Genecopia (Rockville, MD). 

Human and mouse KSR1-specific shRNA and a non-targeting control shRNA in the pLKO.

1-Puro lentiviral vector have been described (24). Plasmid and retroviral vectors for human 

HRASG12V have been described (11). Mouse C/EBPβ mutant plasmids (S223A and S223D) 

were generated using a Stratagene site-directed mutagenesis kit per the manufacturer’s 

instructions. Retroviral packaging plasmid, VSVG, was a gift from S. Hughes, and lentiviral 

packaging/envelope plasmids pMD2.G (#12259), pMDLg/pRRE (#12251), and pRSV/Rev 

(#12253) were purchased from AddGene.
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Retroviral vectors and virus infection

Retroviral and lentiviral plasmids were transfected into 293GP2 and 293T packaging cell 

lines, respectively, using a standard CaPO4 precipitation method. For lentiviral transfection, 

20 μg of lentiviral vector, 6 μg of pMD2.G, 10 μg of pMDLg/pRRE and 5 μg of pRSV/Rev 

were co-transfected into 293T cells. For retroviral transfection, 20 μg of retroviral vector and 

4 μg of VSVG plasmid were co-transfected into 293GP2 cells in 10 cm dishes. 48–72 hr 

after transfection, viral supernatants were collected every 12 h, pooled, filtered (0.45 mm), 

supplemented with 8 mg/ml polybrene, and used to infect target cells. Three infections were 

performed, after which the cells were selected in appropriate antibiotics. Multiple genes 

were introduced by sequential infection and drug selection.

Colony assays and growth curves

For colony assays, MEFs were seeded at 2.5×104 cells/dish in 10 cm dishes. Media was 

replaced weekly. After two weeks, cells were washed with phosphate-buffered saline (PBS), 

fixed in 10% acetic acid for 30 min, rinsed with water, stained with 0.4% crystal violet 

(Sigma) for 30 min, rinsed extensively, and dried. For growth curves, cells were seeded at 

2.5×104 cells/well in 6-well dishes. At the appropriate times, cells were washed with 

phosphate-buffered saline (PBS), fixed in 10% formalin, rinsed with water, stained with 

0.1% crystal violet (Sigma) for 30 min, rinsed extensively, and dried. Dye was then extracted 

with 10% acetic acid and absorbance measured at 590 nm. All values were normalized to 

day 0 (the first day after plating).

Transient transfection

Transfections were carried out using 50–60% confluent cell monolayers in 60mm tissue 

culture dishes using FuGENE6 or X-treme GENE HP (Roche) reagents per the 

manufacturer’s instructions. HEK293T cells were transfected with 200 ng C/EBPβ vector 

and 100 ng of pcDNA3-HRASG12V in 60mm dishes. After transfection, cells were cultured 

in complete media for 24h and serum starved overnight prior to harvesting. Where 

applicable, specific inhibitors were added at the time of starvation. For all experiments, the 

total amount of DNA (1.0 μg per 60mm dish) was kept constant by adding an appropriate 

amount of the empty plasmid.

Luciferase assays

For transactivation assays, 293T cells were transfected with 100 ng 2X C/EBP-luc reporter 

and 5 ng C/EBPβ vector with 10 ng HRASG12V plasmid. Cells were lysed in 1X passive 

lysis buffer (Promega) and luciferase activity was measured using a GLOMAX 20/20 

luminometer (Promega). Luciferase values were normalized to total protein concentration of 

the lysate. Data are presented as fold activation over the reporter alone and represent means 

± SD of at least three independent experiments.

Identification of C/EBPβ phospho-modifications by mass spectrometry

Rat C/EBPβ (HA-tagged LAP isoform) was expressed in 293T cells together with 

HRASG12V, immunoprecipitated and analyzed by mass spectrometry as described 

previously (18).

Basu et al. Page 5

Cancer Res. Author manuscript; available in PMC 2019 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Expression and purification of recombinant C/EBPβ proteins

Full length and truncated rat C/EBPβ proteins were expressed in E. coli and purified as 

described previously (17).

Immunoblotting

Cells were harvested after washing twice with cold PBS and lysed with low salt buffer 

(20mM HEPES of pH 7.9, 0.1mM EDTA, 10mM NaCl, 0.1% NP-40) on ice for 10 min. 

Nuclei were harvested by centrifugation at 3500 rpm for 10 min, and the supernatant was 

used as cytoplasmic fraction. Nuclei were lysed with high salt buffer (20 mM HEPES pH 

7.9, 0.2 mM EDTA, 420 mM NaCl, 25% glycerol) at 4°C for 30 min with vigorous shaking. 

Nuclear debris was pelleted by centrifugation at 14,000 rpm for 5 min, and the supernatant 

was used for further experiments or stored at −70°C. All buffers were supplemented with a 

protease and phosphatase inhibitor cocktail (Calbiochem). Protein samples (20-50μg) were 

resolved by electrophoresis on 10% or 12% Mini-PROTEAN TGX Precast Gels (Biorad) 

and electrophoretically transferred to PVDF membranes. The blots were probed with the 

appropriate primary antibodies followed by goat anti-rabbit IgG or goat anti-mouse IgG 

conjugated to horseradish peroxidase and visualized using enhanced chemiluminescence 

(Thermo Scientific).

Electrophoretic mobility shift assays (EMSAs)

EMSA was performed essentially as described (25). The dsDNA probe containing a 

consensus C/EBP site was end-labeled with polynucleotidylkinase (Roche) and [32P]dATP 

(Amersham). DNA-binding assays were carried out in a 25 μl reaction containing nuclear 

extract (5 to 10 μg), 20 mM HEPES (pH 7.9), 200 mM NaCl, 5% Ficoll, 1 mM EDTA, 50 

mM DTT, 0.01% Nonidet P-40, 1.75 μg of poly(dI-dC), and 2×104 cpm probe. After 

incubation for 20 min at room temperature, 10-15 μl of the binding reaction was loaded onto 

a 6% polyacrylamide gel in TBE (90 mM Tris base, 90 mM boric acid, 0.5 mM EDTA) 

buffer and electrophoresed at 160 V for 2 h. Supershift assays were carried out by pre-

incubating the nuclear extract with 1 μl of appropriate antibody at 4°C for 30 min before 

addition of the binding reaction mixture.

Senescence-associated β-galactosidase assays—MEFs (passage 2-4) were 

infected with a HRASG12V-expressing retrovirus or control vector and, after selection, 

plated at 5×104 cells per well in 6-well plates and cultured for 3-4 days. Cells were fixed and 

stained (Senescence Detection Kit; Calbiochem) according to the manufacturer’s 

instructions except that the staining solution was titrated with 2M HCl to ensure the pH was 

less than 6.0. SA-β-gal stained cells were counted by acquiring at least four fields using 10x 

bright field microscopy. Data are expressed as a percentage of the total cells scored.

Immunofluorescence

For immunofluorescence of cultured cells, 2.5×104 cells were plated in glass-bottomed 

chambers (LabTek) and cultured for 24 hrs. Cells were serum starved overnight prior 

fixation and, when applicable, treated with specific inhibitors overnight before fixation. 

Cells were fixed with ice cold methanol for 20 min at −20°C, blocked for 1 hr in PBS with 
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5% Normal Goat Serum (Cell Signaling) and 0.1% TritonX100 (Sigma), and incubated with 

the appropriate primary antibodies (1:100) overnight at 4°C in blocking buffer. Following 

four washes with PBS containing 1% BSA and 0.1% TritonX100, cells were incubated with 

Alexa 488 and Alexa 594 conjugated secondary antibodies (1:1000) for 1 hr. at RT. After 

five washes cells were stained with 0.1 μg/mL DAPI in PBS for 15 min at RT followed by 

two washes with PBS. Fluorescence images were acquired using a Zeiss LSM-710 confocal 

microscope. For tumor samples, dissected lungs from KrasLA2/+ mice and LSL-
BRAFV600E/+ animals were fixed overnight in 4% paraformaldehyde, after which OCT 

embedded frozen blocks were prepared. 10 μm sections were made, fixed again in ice-cold 

methanol for 10 min at −20°C and permeabilized with 1% TritonX100 for 15 min at RT and 

1% SDS for 5 min at RT; all steps were interspersed with three PBS washes. The blocking 

steps and staining with primary and secondary antibodies and DAPI were performed as 

described above.

mRNA localization

The GFP-MS2-nls reporter system and pcDNA-CebpbΔUTR-Ms2b and pcDNA-CebpbUTR-

Ms2b constructs have been described previously (20,26). NIH3T3 cells were plated at 5 × 

104 cells/35mm dish and transfected with 200 ng GFP-MS2-nls reporter plasmid and 2.3 μg 

of the Cebpb-Ms2b vector using Polyfect (Qiagen), following the manufacturer’s 

recommendations. After 36 hr, the cells were fixed with 4% PFA in PBS for 20 min at room 

temperature and then blocked with 5% normal goat serum. The cells were stained with 

primary antibody against CK2α and Alexa 594 conjugated secondary antibody, followed by 

DAPI staining as described above. Fluorescence images were taken with a Zeiss LSM-710 

confocal microscope.

RNA fluorescence in situ hybridization and immunofluorescence (FISH-IF)

Twelve thousand NIH3T3 cells or 2 × 104 human tumor cells were plated on μ-Slides VI0.4 

(Ibidi). Forty-eight hr after seeding, cells were washed in Cytoskeleton Buffer (CB) (27) (10 

mM MES pH 6.1, 150 mM NaCl, 5 mM MgCl2, 5 mM EGTA, 5 mM glucose) and 

permeabilized/fixed in ice-cold Pre-Fixative mix (28) (2% paraformaldehyde, 0.01% 

glutaraldehyde, 0.05% saponin, in CB) for 15 min at 4°C. Cells were then incubated with 

ice-cold Fixative mix (2% paraformaldehyde, 0.01% glutaraldehyde, in CB) for 100 min at 

4°C. Fixed cells were washed with CB twice and quenched by addition of 50 mM NH4Cl for 

5 min at 20°C. For FISH, QuantiGene ViewRNA ISH Cell Assay (Affymetrix) was used 

according to the manufacturer’s protocol; a human CEBPB FISH probe was used for 

hybridization (VA1-18129). Cells were then blocked with 5% albumin in PBS-S (0.05% 

Saponin, in PBS) for 1 hr at 20°C and incubated with CK2α primary antibody (1:100) for 16 

hr at 4°C in 5% albumin in PBS-S. Cells were washed three times for 5 min at 20°C with 

PBS-S and incubated for 1 hr at 20°C with Alexa 488 and Alexa 647 conjugated secondary 

antibodies (1:1000) in 5% albumin/PBS-S. Cells were washed four times with PBS-S for 5 

min at 20°C, co-stained with 0.1 μg/mL DAPI (in PBS) for 1 min at 20°C and then washed 

twice with PBS. Images were acquired using a Zeiss LSM-780 confocal microscope.
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siRNA transfection

A375 melanoma cells (homozygous BRAFV600E) were transfected with 100 nM 

BRAFV600E siRNA (sense: 5′-GCUACAGAGAAAUCUCGAUUU; antisense: 5′-

AUCGAGAUUUCUCUGUAGCUU). NIH3T3 cells were transfected with 100 nM KSR1, 

CK2α, or non-silencing control siRNAs. All siRNAs were transfected using DharmaFECT 1 

(Dharmacon). Whole cell lysates were prepared 48 hr after transfection.

Reverse transcription and quantitative PCR (RT-qPCR)

Total RNA was extracted with GeneJet RNA Purification kit (Thermo) and reverse 

transcribed using Maxima First Strand cDNA Synthesis kit (Thermo) according to the 

manufacturer’s protocol. Quantitative PCR using SsoAdvanced SYBR Green Supermix 

(Bio-Rad) was performed using CFX96 Real Time PCR System (Bio-Rad). Ppia was used as 

a normalization reference gene. Primers are listed under Antibodies and Reagents.

Immunoprecipitations

1 × 106 HEK293T cells were seeded in 10 cm dishes and transfected with 4 μg pcDNA3-

pyo-KSR1 vector with or without 0.5 μg pcDNA3-HRASG12V vector, or left untransfected. 

Transfection was carried out using FuGENE6 (Promega) as described above. 24 hr after 

transfection, the cells were serum starved overnight, with or without inhibitors as indicated 

(5 μM U0126, 10 μM TBB, or 40 μM dynasore). The cells were harvested and lysed in Lysis 

Buffer (137 mM NaCl, 20 mM Tris pH 8.0, 10% glycerol and 1% NP40). The lysates were 

centrifuged at 13,000 rpm for 5 minutes and the supernatants were collected. Protein 

estimation was performed using Bradford’s reagent (Bio-Rad), and 1600 μg of the 

supernatant was used for immunoprecipitation. 3% of each supernatant was reserved for 

input samples. Anti-pyo antibody (1:100) was added to the supernatants and incubated for 3 

hr at 4°C on a rotating rack. Thereafter, 30μl of a 50% slurry of Protein G sepharose was 

added and incubated at 4°C on a rotating rack for 1 hr. The beads were pelleted by 

centrifugation at 3000 rpm for 1 minute and washed 4 times in Wash Buffer (5 M NaCl, 20 

mM Tris pH 8.0, 1 mM EDTA and 0.5% NP40). 2xSDS sample buffer (Bio-Rad) was added 

to the beads and the samples boiled for 8 minutes at 100°C. The proteins were analyzed by 

immunoblotting as described above.

Statistical analysis

Statistical significance was calculated using Student’s t test and ANOVA. P values less than 

0.05 were considered significant.

Results

C/EBPβ Ser222 is a CK2 phosphoacceptor that controls C/EBPβ activation by RAS 
signaling

To extend our understanding of C/EBPβ activation by oncogenic RAS and its inhibition by 

the 3′UTR mechanism, we sought to identify additional modifications that regulate C/EBPβ 
activity. We previously used 32P-phosphopeptide mapping and mass spectrometry to identify 

several RAS-induced PTMs on C/EBPβ (18). Further analysis of these data showed that 
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Ser223 in rat C/EBPβ (Ser222 in mouse) was also consistently phosphorylated when the 

protein was co-expressed with HRASG12V (Fig. 1A and Supplementary Fig. S1A). 

Ser223/222 is located within the extended basic region, indicting a possible role in DNA 

binding. Using EMSA to assess DNA binding of WT and mutant C/EBPβ proteins 

expressed from constructs lacking the 3′UTR (C/EBPβΔUTR) in 293T cells, we found that a 

phosphorylation-defective variant (S223A) was refractory to activation by HRASG12V while 

a phosphomimetic mutant (S223D) displayed elevated basal binding (Fig. 1B). 

Transactivation assays using a C/EBP-driven reporter (2X C/EBP-luc) showed that RAS-

stimulated C/EBPβ transcriptional activity was impaired in the S223A mutant and increased 

for S223D (Fig. 1C). Furthermore, stable expression of WT C/EBPβ in HRASG12V–

expressing Cebpb−/− MEFs caused proliferative arrest, whereas the S223A mutant displayed 

impaired cytostatic activity in colony formation assays (Fig. 1D) and growth assays 

(Supplementary Fig. S1B). Thus, this residue plays a significant role in regulating C/EBPβ 
activity in the context of RAS signaling.

The presence of conserved acidic residues at positions N+1 and N+2 (Fig. 1A) suggested 

that Ser223 may be a CK2 site (29). Accordingly, incubation of recombinant rat C/EBPβ 
with CK2 holoenzyme and ATP stimulated its DNA-binding activity (Fig. 1E) and catalyzed 

phosphorylation on Ser223, as determined by deletion mapping and MS analysis 

(Supplementary Fig. S1C-D). Furthermore, treatment of cells with the CK2 inhibitor 4,5,6,7-

tetrabromo-2-azabenzimidazole (TBB) blocked RAS-induced augmentation of C/EBPβ 
DNA-binding (Fig. 1F) and transcriptional activity (Fig. 1G). Using an antibody raised 

against C/EBPβ phospho-Ser223, we detected a weak basal p-Ser223 signal for WT C/EBPβ 
that was strongly increased by co-expression of HRASG12V (Fig. 1F, lower panel), whereas 

C/EBPβ S223A was not recognized by the antibody (Supplementary Fig. S1E). RAS-

induced phosphorylation on Ser223 was also blocked by TBB (Fig. 1F, lane 3). TBB 

similarly inhibited DNA binding of endogenous C/EBPβ in HRASG12V-expressing MEFs 

and decreased phosphorylation on Ser222 (Fig. 1H). Finally, co-IP assays showed that HA-

tagged C/EBPβ interacted with endogenous CK2α in 293T cells and this association was 

enhanced by co-expression of oncogenic RAS (Fig. 1I). Thus, RAS signaling stimulates the 

interaction between C/EBPβ and its upstream kinase, CK2.

We also investigated whether RAS-induced transcription of C/EBPβ target genes requires 

CK2 activity. We previously showed that C/EBPβ expressed from the C/EBPβΔUTR 

construct potently activates transcription of SASP genes in NIH3T3RAS cells 

(βΔUTR-3T3RAS cells) (20). As shown in Fig. 1J, siRNA depletion of CK2α (catalytic 

subunit) in these cells reduced the levels of IL-6, IL-1α, Cxcl1, Cxcl2, and Ccr1 mRNAs by 

40-60%. Thus, CK2 is required for efficient C/EBPβ-dependent transcription of SASP 

genes. TBB and another CK2 inhibitor, CX-4945 (30), also efficiently suppressed 

HRASG12V-induced senescence in MEFs as determined by senescence-associated β-

galactosidase staining (Fig. 1K). Collectively, the data of Fig. 1 show that CK2-mediated 

phosphorylation on Ser222 is critical for induction of C/EBPβ DNA-binding and cytostatic 

activity and its ability to activate SASP genes.

Basu et al. Page 9

Cancer Res. Author manuscript; available in PMC 2019 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CK2 undergoes HRASG12V-induced perinuclear re-localization, allowing UPA-mediated 
inhibition of Ser222 phosphorylation

We next investigated whether phosphorylation on C/EBPβ Ser222 is blocked by the Cebpb 
3′UTR. As shown in Fig. 2A, the Cebpb 3′UTR suppressed RAS-induced phosphorylation 

of Ser222 in 293T cells; ERK-mediated phosphorylation on T188 was also inhibited, 

supporting our previous findings (20). The abrogation of Ser222 phosphorylation by the 

UPA mechanism suggested that CK2 might access C/EBPβ exclusively in the perinuclear 

region. Immunofluorescence imaging of CK2α in non-transformed NIH3T3 cells showed 

nuclear staining as well as diffuse cytoplasmic signals (Fig. 2B, left panels). However, 

expression of HRASG12V caused perinuclear re-localization of CK2α, with only faint 

staining remaining in the nucleus. This perinuclear compartmentalization was similar to that 

seen for p-ERK (Fig. 2B, right panels). A CK2α-mCherry fusion protein showed the same 

RAS-induced re-localization in live (unfixed) cells (Fig. 2C), supporting the IF results. Since 

CK2 is reported to have constitutive kinase activity, these findings indicate that the inducible 

phosphorylation observed for C/EBPβ expressed from the CebpbΔUTR construct involves 

altered compartmentalization of CK2.

We also used MS2-GFP mRNA tagging to visualize CebpbUTR transcripts in 3T3RAS cells, 

together with IF staining of CK2α, to determine if they show mutually exclusive 

localization. As observed previously (20), transcripts containing the 3′UTR were polarized 

toward the cell periphery, while those containing only the coding region showed uniform 

cytoplasmic distribution (Fig. 2D). CK2α was present mainly in the perinuclear cytoplasm 

and was concentrated in areas devoid of CebpbUTR mRNA. We confirmed these results 

using RNA FISH to visualize endogenous CEBPB transcripts, together with CK2α 
immunostaining, in human PANC-1 pancreatic tumor cells (mutant KRAS). CEBPB 
mRNAs were specifically excluded from a nuclear-proximal region that was typically 

positioned asymmetrically on one side of the nucleus (Fig. 2E). In contrast, CK2α was 

highly concentrated in the area devoid of CEBPB transcripts. Similar patterns were seen for 

MIA PaCa-2 cells (pancreatic carcinoma; KRASG12C) and SW-1573 cells (lung alveolar cell 

carcinoma; KRASG12C) (Fig. 2E). These findings support the notion that RAS-induced 

phosphorylation of C/EBPβ by CK2 occurs in a perinuclear location and can be inhibited in 

tumor cells by 3′UTR-dependent Cebpb mRNA trafficking to a non-overlapping region.

The MAPK scaffold KSR1 is required for perinuclear localization of p-ERK and CK2

Since perinuclear sorting of p-ERK and CK2 appears to be critical for their ability to 

phosphorylate C/EBPβ in a 3′UTR (UPA)-regulated manner, we sought to determine how p-

ERK and CK2 are restricted to the perinuclear region. We hypothesized that the signaling 

scaffold, KSR1, may play a key role, as it has been shown to interact with both p-ERK and 

CK2 (31). Moreover, KSR1 is required for both RAS-induced transformation and OIS in 

mouse fibroblasts (32,33). We first asked whether C/EBPβ DNA binding requires KSR1. 

HRASG12V strongly augmented C/EBPβ DNA binding in WT MEFs but this response was 

severely curtailed in KSR1−/− cells (Fig. 3A). Expression of SASP genes was also strongly 

reduced in the mutant cells (Fig. 3B), correlating with impaired C/EBPβ DNA binding. IF 

imaging revealed that KSR1 in MEFs was broadly distributed in the cytoplasm but became 
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localized in a perinuclear ring upon expression of oncogenic RAS (Fig. 3C). Thus, KSR1 

translocates to the perinuclear region in primary MEFs undergoing OIS.

Since KSR1 is required for C/EBPβ activation by RAS, we tested whether KSR1 and C/

EBPβ physically interact by performing IP assays using Pyo-tagged KSR1 expressed in 

293T cells. As shown in Fig. 3D (lanes 3 and 4), C/EBPβΔUTR co-immunoprecipitated with 

KSR1 and this interaction was increased in cells expressing HRASG12V. However, the 

interaction of C/EBPβUTR with KSR1 was significantly reduced (lanes 5 and 6) compared to 

C/EBPβΔUTR, despite similar levels of C/EBPβ expressed from the two constructs. Thus, C/

EBPβ associates with KSR1, either directly or indirectly, in a RAS-stimulated manner and 

this interaction is inhibited by the Cebpb 3′UTR, which directs Cebpb transcripts away from 

the perinuclear region. These data suggest that C/EBPβ must be translated in the perinuclear 

compartment to efficiently bind to KSR1.

CK2α and p-ERK also became perinuclear in MEFs expressing HRASG12V (Fig. 3E). This 

RAS-induced localization requires KSR1, as perinuclear targeting of the two kinases was 

disrupted in KSR1−/− cells. p-ERK levels were also reduced in the RAS-expressing mutant 

cells, consistent with the known function of KSR1 in facilitating signaling through the RAS-

ERK cascade (3). Conversely, p-ERK was modestly increased in control KSR1−/− MEFs 

relative to WT cells, an effect that can be attributed to loss of KSR1-mediated, ERK-

dependent negative feedback on RAF and MEK activity (34). Thus, CK2α and p-ERK are 

restricted to a nuclear proximal region in MEFs undergoing RAS-induced senescence in a 

manner that depends on KSR1.

C/EBPβΔUTR-expressing NIH3T3RAS cells show activation of C/EBPβ DNA binding due to 

loss of 3′UTR inhibition (20). siRNA-mediated ablation of KSR1 in these cells reduced C/

EBPβ DNA binding (Supplementary Fig. S2A), correlating with diminished expression of 

SASP genes (Supplementary Fig. S2B). In addition, endogenous KSR1 and an ectopic GFP-

KSR1 chimeric protein both re-localized to the perinuclear cytoplasm in NIH3T3RAS cells 

compared to non-transformed NIH3T3 controls (Supplementary Fig. S2C-D and Fig. 3F). 

KSR1 also colocalized substantially with CK2α and p-ERK in the RAS-expressing cells. 

KSR1 depletion disrupted perinuclear localization of CK2α and p-ERK in NIH3T3RAS cells 

(Supplementary Fig. S2C-D), paralleling the effect seen in KSR1−/− MEFs. These data show 

that KSR1 plays a key role in the perinuclear trafficking of these effector kinases in response 

to oncogenic RAS, irrespective of whether the cells undergo senescence (MEFs) or 

transformation (NIH3T3 cells).

Perinuclear signaling complexes (PSCs) are common features of tumor cells and require 
MEK-ERK and CK2 activity

We next sought to extend our findings to tumor cell lines carrying endogenous RAS pathway 

oncogenes. We first examined A549 cells, which are derived from a human KRASG12C–

containing lung adenocarcinoma. p-ERK, CK2α and KSR1 were present in discrete, ring-

like perinuclear structures in A549 cells, and KSR1 co-localized with both CK2α and p-

ERK (Fig. 4A-B). Depletion of KSR1 in these cells caused CK2α to become almost 

exclusively nuclear, while p-ERK levels were decreased dramatically. Human A375 

melanoma cells, which carry a homozygous BRAFV600E mutation, likewise displayed 
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intense perinuclear staining for p-ERK, CK2α and KSR1 (Fig. 4C). Moreover, the 

BRAFV600E oncoprotein itself was present in the nuclear-proximal region in A375 cells and 

its depletion greatly decreased p-ERK levels and disrupted the perinuclear trafficking of 

CK2α and KSR1.

Our results show that perinuclear signaling complexes (PSCs) containing p-ERK, CK2α and 

KSR1 are present in HRAS-, KRAS- and BRAF-transformed cells and occur independently 

of serum growth factors. These observations suggested that PSCs might be a common 

feature of cancer cells transformed by RAS or BRAF oncogenes. Accordingly, MDA-

MD-231 cells (breast cancer; KRASG13D;BRAFG464V), RKO cells (colorectal tumor; 

BRAFV600E) and HepG2 cells (hepatocarcinoma; NRASQ61L) showed perinuclear 

localization of CK2α, p-ERK and KSR1 (Supplementary Fig. S3). Interestingly, HeLa cells 

(cervical carcinoma), which are not known to carry an activated RAS pathway oncogene, 

also displayed PSCs. Thus, PSCs are a feature of all tumor cells that we have analyzed, 

irrespective of their mutational landscape or driving oncogene, suggesting they may play a 

key role in establishing the neoplastic phenotype.

Since the PSCs are induced by oncogenic RAS or BRAF, we asked whether their formation 

requires the activity of RAS effector kinases. Treatment of NIH3T3RAS cells with the 

MEK1/2 inhibitor, U0126, strongly reduced p-ERK levels, as expected (Supplementary Fig. 

S4A). The drug also disrupted perinuclear localization of CK2α and KSR1, producing a 

pattern resembling that of non-transformed NIH3T3 cells; i.e., CK2α became more nuclear 

while KSR1 showed a pan-cytoplasmic distribution. Moreover, while TBB did not 

noticeably affect p-ERK levels as determined by IF staining, it produced a marked dispersal 

of p-ERK, CK2α and KSR1 from the perinuclear compartment. Both inhibitors also 

severely disrupted PSC formation in A549 cells (Fig. 4D) and A375 cells (Supplementary 

Fig. S4B). Similar effects were observed in A549 cells treated with the ERK1/2 inhibitor, 

SCH772984 (35) (Supplementary Fig. S4C), indicating that MEK-ERK signaling is critical 

for PSC formation.

To determine if disruption of PSCs by the MEK and CK2 inhibitors involves changes in 

KSR1 associations with p-ERK and CK2, we performed co-immunoprecipitation assays. 

Pyo-tagged KSR1 (36) was expressed in 293T cells, without or with HRASG12V, and pyo 

immunoprecipitates analyzed by IB. As shown in Fig. 4E, KSR1-CK2α binding was 

detectable in the absence of oncogenic RAS and this interaction was modestly increased in 

cells expressing HRASG12V. p-ERK also could be detected in the KSR1 complex when 

HRASG12V was expressed. Treatment with U0126 blocked ERK activation, as expected, but 

did not appreciably affect CK2α binding to KSR1. Conversely, TBB did not reduce levels of 

p-ERK or its interaction with KSR1, but reversed the RAS-induced increase in KSR1-CK2α 
binding. We also observed an association between KSR1 and BRAF, and this interaction was 

not altered by either inhibitor. Together with the localization data, these results indicate that 

RAS-induced perinuclear translocation of p-ERK and CK2, while dependent on KSR1, does 

not involve major alterations in their physical association with the signaling scaffold. 

Instead, it appears that translocation of pre-existing complexes to the nuclear-proximal 

region is driven by oncogenic RAS and requires MEK-ERK and CK2 activity.
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HRASG12V-C/EBPβ signaling and PSC formation requires endosomal trafficking

The perinuclear staining of p-ERK, CK2α and KSR1 was often punctate, indicating that 

these proteins might be associated with endosomal vesicles. This possibility is supported by 

the known role of endocytosis in growth factor receptor signaling (37) and studies showing 

that RAS pathway kinases can actively signal from endosomes and other internal 

membranes (38). Therefore, we asked whether C/EBPβ activation was sensitive to dynasore, 

a dynamin inhibitor that prevents coated vesicle formation and thus disrupts endocytosis 

(39). Dynasore blocked HRASG12V-induced activation of C/EBPβΔUTR DNA binding in 

293T cells and decreased phosphorylation on C/EBPβ Ser222 (Fig. 5A, left panel). 

Dynasore also reduced ERK-mediated phosphorylation on C/EBPβ Thr188 (Fig. 5A, right 

panel). However, the total levels of p-ERK induced by HRASG12V were unaffected by the 

inhibitor (right panel). These results suggest that access of p-ERK to its downstream target, 

C/EBPβ, but not ERK activation per se requires endocytic trafficking. In accordance with 

these results, dynasore also caused a significant decrease in RAS-induced activation of C/

EBPβ-dependent SASP genes in MEFs (Supplementary Fig. S5A). Collectively, these data 

indicate that blocking endocytosis disconnects C/EBPβ from RAS signaling without 

affecting RAS-ERK pathway output.

The above findings imply that inhibiting endocytosis may affect RAS-induced perinuclear 

localization of p-ERK, CK2α and KSR1. Consistent with this prediction, perinuclear sorting 

of all three proteins in NIH3T3RAS cells was abrogated by dynasore (Fig. 5B). Thus, 

endocytic trafficking plays a critical role in the subcellular compartmentalization of RAS 

pathway proteins and activation of C/EBPβ by oncogenic RAS.

CK2α and KSR1, but not p-ERK, localize to Rab11(+) perinuclear endosomes

We next investigated whether PSCs are associated with specific classes of endosomal 

vesicles. Members of the Rab family of small GTPases are endosomal proteins that regulate 

vesicle maturation and can be used as markers to identify specific classes of endocytic 

vesicles (40). Rab5 and Rab7/9 are associated with early and late endosomes, respectively. 

We did not detect co-localization of Rab5 or Rab7 with either p-ERK or CK2α in 

NIH3T3RAS cells. However, Rab11, which is present on perinuclear recycling endosomes 

(41), displayed prominent co-localization with CK2α in A549 cells and partially overlapped 

with KSR1 (Fig. 5C). By contrast, p-ERK staining did not coincide with Rab11, suggesting 

that CK2 and p-ERK reside on different types of perinuclear endosomes. The same co-

localization patterns were also seen in NIH3T3RAS cells (Fig. 5D). The fact that CK2 and p-

ERK associate with different endosomes was unexpected, as ERK, CK2α and KSR1 are 

predicted to be part of a common signaling complex, at least in GF-stimulated cells (31).

To test whether the co-localization of Rab11 with CK2α and KSR1 is dependent on 

endocytosis, we inhibited endocytosis prior to IF staining. Dynasore disrupted Rab11-CK2α 
and Rab11-KSR1 co-localization in both A549 cells (Fig. 5E) and NIH3T3RAS cells (Fig. 

5F). However, as was observed for the MEK and CK2 inhibitors, the drug did not 

appreciably affect KSR1 complex formation with CK2α, p-ERK or BRAF as determined by 

co-IP assays in 293T cells, although there was a modest reduction in the KSR1:p-ERK 
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interaction (Supplementary Fig. S5B). Thus, the dispersal of PSCs caused by endocytosis 

inhibitors is apparently not due to disruption of KSR1 signaling complexes.

Kras and BrafV600E-driven mouse lung tumors display PSCs containing p-ERK, CK2α, 
KSR1, and BRAF

To extend our findings to an in vivo setting, we analyzed tumors from a KrasG12D-driven 

mouse model of non-small-cell lung cancer (KrasLA2) (22). These mice spontaneously 

develop mainly lung tumors which progress to adenocarcinomas (ADCs) (Fig. 6A). We 

performed IF staining for RAS pathway proteins on tumor-bearing lung sections and 

adjacent normal tissue (Fig. 6B). As expected, normal lung tissue showed much lower levels 

of p-ERK compared to the tumor area. CK2α and KSR1 were also significantly up-regulated 

in the ADCs, consistent with observations that expression of these two proteins can be 

increased in cancers (42,43). Notably, the tumor cells displayed clearly visible perinuclear 

rings containing p-ERK, CK2α, KSR1 and BRAF. Although expressed at lower levels, 

CK2α and KSR1 exhibited diffuse cytoplasmic staining in normal lung epithelium, in 

marked contrast to their definitive perinuclear localization in ADC cells. While BRAF levels 

were similar between normal and tumor cells, the protein showed a distinct perinuclear 

distribution in ADCs.

We also analyzed lung tumors from mice carrying a conditional BrafV600E allele which, 

upon activation by Cre recombinase (instillation of Ad.Cre virus), develop mainly benign 

adenomas with certain features of senescence (23) (Fig. 6A). Immunostaining showed that 

these differentiated tumors displayed distinct perinuclear staining for KSR1, CK2α and 

BRAF as compared to normal tissue (Fig. 6C). Activated ERK was increased in tumors but 

not to the levels seen in Kras tumors. Nonetheless, cells with perinuclear p-ERK staining 

could be observed. Due to the rapid development of terminal disease caused by high 

adenoma burdens, we were unable to analyze progression to ADCs in this model. However, 

PSCs are clearly present even in these early stage adenomas, consistent with their induction 

by RAS pathway activation.

PSCs are induced transiently in serum-stimulated normal cells with delayed kinetics 
corresponding to C/EBPβ phosphorylation and activation of DNA binding

Since PSCs are observed in tumor cells with dysregulated RAS signaling, we sought to 

determine if these structures are also induced in normal cells through activation of the RAS 

pathway by growth factors. We first analyzed the kinetics of C/EBPβ activation by serum 

GFs in NIH3T3 cells, since this protein is a physiological target of the RAS pathway. 

Because endogenous C/EBPβ in these cells is not appreciably activated by RAS signaling 

due to 3′UTR inhibition, we transfected the cells with a C/EBPβΔUTR construct. The cells 

were then serum starved, re-stimulated and nuclear extracts prepared over a time course and 

analyzed for C/EBPβ DNA binding and phosphorylation (Fig. 7A, left panel). The low basal 

C/EBPβ DNA binding in resting cells remained suppressed at 2 hr but was activated at 4 and 

6 hr, and subsequently returned to baseline levels by 12 hr. Analysis of C/EBPβ 
phosphorylation showed an increase in p-Ser222 levels at 4 and 6 hr, coinciding with 

elevated DNA binding. p-Thr188 was also induced but did not appear until 6 hr, and 

phosphorylation on both sites declined at 12 hr. These results are consistent with our 
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findings that Ser222 is critical for activation of DNA binding (Fig. 1B), whereas Thr188 is 

dispensable (18). By contrast, C/EBPβ expressed from the C/EBPβUTR construct was 

refractory to serum-induced activation at all time points (Fig. 7A, right panel). In primary 

MEFs, where UPA is diminished (20), endogenous C/EBPβ DNA binding was also 

transiently increased at 4 hr post-stimulation (Supplementary Fig. S6A). Thus, delayed 

kinetics of GF-induced C/EBPβ activation are observed in both systems.

To further understand the timing and KSR1 dependence of GF-induced signaling and the 

relationship to C/EBPβ activation, we performed IF imaging of RAS pathway proteins over 

an 8-hour time course in NIH3T3 cells (Fig. 7B). CK2α, p-ERK, KSR1 and BRAF each 

displayed dynamic, GF-induced localization to the perinuclear region, albeit with slightly 

differing kinetics. Strikingly, CK2α was mostly nuclear in unstimulated cells, became 

diffusely cytoplasmic at 2 hr, tightly perinuclear at 4 and 6 hr, and returned to nuclear 

distribution by 8 hr. Thus, the perinuclear appearance of CK2α coincides closely with 

phosphorylation on C/EBPβ Ser222. This relationship with C/EBPβ modification was also 

observed for p-ERK, which became distinctly perinuclear only at 6 hr, mirroring the kinetics 

of phosphorylation on its cognate C/EBPβ site, Thr188. KSR1 also underwent perinuclear 

translocation beginning at 4 hr and continuing through 6 hr. BRAF was partially nuclear in 

resting cells, but became more diffusely cytoplasmic at 2 hr and exhibited a more definitive 

perinuclear ring at 4 and 6 hr. Similar GF-induced PSC formation was observed in a non-

transformed human mammary epithelial cell line, MCF10A (Supplementary Fig. S6B). 

Although the overall kinetics were more rapid than in NIH3T3 cells, perinuclear localization 

of CK2α again slightly preceded that of p-ERK, and KSR1 and BRAF trafficking was 

similar to CK2α. These findings indicate that delayed PSC formation is a general feature of 

physiological GF-induced signaling.

C/EBPβ phosphorylation by ERK in NIH3T3 cells was dependent on KSR1, as p-T188 

levels analyzed by immunoblotting at 6 hr post-stimulation were reduced more than 3-fold 

in KSR1-depleted cells compared to controls (Fig. 7C). Notably, p-ERK levels were 

increased in siRNA control cells at 6 hr compared to 0 hr, but also were only modestly 

reduced in siKSR1-transfected cells relative to control cells, indicating that impaired 

phosphorylation on C/EBPβ Thr188 in KSR1-depleted cells is separable from ERK activity 

per se. Accordingly, GF-induced formation of p-ERK PSCs at 6 hr was disrupted in KSR1-

depleted cells, as p-ERK was present but remained broadly distributed in the cytoplasm 

(Supplementary Fig. S7A). Similarly, perinuclear translocation of CK2α at 4-6 hr was 

abrogated by KSR1 knockdown. These findings, together with the results from tumor cells, 

demonstrate a critical role for KSR1 in PSC formation by mutant or physiological RAS 

signaling.

Our data indicate that C/EBPβ is phosphorylated by ERK exclusively in the perinuclear 

cytoplasm in a KSR1-dependent manner. However, other transcription factors that are targets 

of GF-activated ERK kinase, particularly those of the ETS family such as Elk-1, are 

phosphorylated in the nucleus (44,45). Therefore, we asked whether KSR1 depletion affects 

GF-induced phosphorylation on the Elk-1 ERK site (Ser383). As shown in Supplementary 

Fig. S7B, p-Ser383 was detected 10 minutes after serum treatment and was maintained 

through 1 hr, declining thereafter to nearly baseline levels by 4 hr. However, this 
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modification was completely unaffected by KSR1 depletion. Moreover, neither nuclear nor 

cytoplasmic p-ERK levels were decreased in serum-stimulated cells depleted of KSR1. 

These results indicate that phosphorylation of Elk-1 on Ser383 does not involve p-ERK 

localized to PSCs, consistent with the impaired activation of Elk-1 that has been observed in 

senescent cells, which display cytoplasmic p-ERK (45) (also see Fig. 3E). Thus, ERK-

mediated phosphorylation of C/EBPβ and Elk-1 shows differential kinetics, subcellular 

locations, and dependence on KSR1.

Discussion

Here, we have identified and characterized perinuclear signaling complexes and demonstrate 

their importance in mutant and physiological RAS signaling. “PSCs” refers to the 

perinuclear localization of several RAS pathway proteins, including activated ERK, CK2, 

KSR1, and BRAF. In addition to their subcellular location, PSCs are defined by 1) their 

persistence in tumor cells deprived of growth factors, 2) their induction by driver oncogenes 

such as KRASG12D and BRAFV600E, 3) their dependence on the signaling scaffold, KSR1, 

4) the requirement for MEK-ERK and CK2 activity, and 5) their dependence on endocytosis 

and association with perinuclear endosomes. PSCs are characteristic features of tumor cells 

and are not present in non-transformed, serum-deprived cells, but can be transiently induced 

by serum GFs with delayed kinetics (2-6 hr post-stimulation). The latter finding defines a 

late phase of GF signaling that is distinct from early events such as ERK activation and its 

translocation to the nucleus, which occur within minutes of GF receptor engagement (46). 

The striking spatial similarities between GF-induced PSCs present at 4-6 hr and those in 

tumor cells suggest that dysregulated RAS pathway signaling persistently activates the 

delayed phase of GF signaling to drive oncogenesis.

PSCs in tumor cells as well as those induced by GFs are highly dependent on KSR1. 

Moreover, PSC formation correlates with KSR1 recruitment to the perinuclear region upon 

RAS pathway activation. Depletion of KSR1 in tumor cells severely curtailed ERK 

activation, as expected, but also affected p-ERK localization. Conversely, KSR1 ablation in 

serum-starved, non-transformed cells modestly increased basal p-ERK levels and its absence 

did not impair GF-induced activation of ERK, its ability to enter the nucleus or activation of 

a known nuclear target, Elk-1. Thus, tumor cells exhibit much greater dependence on KSR1 

than normal cells, which may explain why KSR1−/− mice are viable but display resistance to 

RAS-induced tumorigenesis (21,47).

The perinuclear compartmentalization of RAS effector kinases plays a key role in regulating 

transmission of RAS signals to C/EBPβ. In tumor cells, PSC-associated kinases are 

physically distinct from a peripheral cytoplasmic region where Cebpb transcripts are 

localized by 3′UTR-mediated mRNA trafficking (20). This partitioning suppresses RAS-

driven activation of C/EBPβ by preventing ERK and CK2 kinases from accessing C/EBPβ, 

which is translated from mRNAs restricted to the cell periphery (Fig. 2). By maintaining C/

EBPβ and perhaps other anti-oncogenic proteins in a low activity state, the UPA mechanism 

contributes to senescence bypass in tumor cells. PSCs are also induced by mutant RAS in 

primary MEFs undergoing OIS. However, UPA is suppressed in these cells, allowing 

endogenous C/EBPβ to become activated. When C/EBPβ is expressed without its 3′UTR in 
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tumor cells or when UPA is absent, as in MEFs, its activation can still be blocked by 

disruption of PSCs (e.g., by mutation/depletion of KSR1 or inhibition of endocytosis). Thus, 

PSCs anchored to perinuclear endosomes provide an essential signaling platform for C/

EBPβ phosphorylation/activation by RAS effector kinases in senescent cells. As PSCs occur 

in both transformed and senescent cells, the UPA status (on or off) determines whether C/

EBPβ is activated to promote senescence or is maintained in a low activity state to facilitate 

tumor growth (Supplementary Fig. S7C).

Our results indicate that CK2 functions as a RAS effector kinase, as its ability to 

phosphorylate C/EBPβ is greatly increased by oncogenic or physiological RAS signaling 

(Fig. 2A and Fig. 7A). Since the intrinsic kinase activity of CK2 is constitutive (48), we 

propose that the RAS-induced functionality of CK2 involves its re-localization to 

perinuclear endosomes, where it can access substrates such as C/EBPβ. CK2α and p-ERK 

become predominantly perinuclear at 4 and 6 hr, respectively, following GF stimulation. The 

timing of their re-localization corresponds to phosphorylation on the C/EBPβ CK2 and ERK 

sites (Ser222 and Thr188) (Fig. 7). These results provide compelling evidence that 

modification of C/EBPβ by CK2 and p-ERK occurs exclusively in the perinuclear 

compartment. The kinetic data also support our observation that the two kinases reside on 

different types of endosomal vesicles. It is tempting to speculate that the differential timing 

of C/EBPβ phosphorylation by CK2 and ERK involves maturation of Rab11(+), CK2-

containing endosomes into Rab11(‒) vesicles harboring p-ERK, possibly with C/EBPβ 
remaining associated and undergoing serial phosphorylation by the two kinases. Clearly, 

further studies are needed to fully characterize the different classes of PSC-associated 

endosomes, the relationships between them, and how such compartmentalization controls 

the activation of substrates such as C/EBPβ.

We observed that activated ERK in tumor cells is predominantly perinuclear and very little 

p-ERK is detected in the nucleus. This finding stands in contrast to the common assumption 

that ERK-regulated transcription factors such as c-Myc and c-Fos ‒ important drivers of 

cell proliferation and cancer ‒ are phosphorylated by ERK in the nucleus (49). Although we 

cannot rule out the possibility that a small fraction of nuclear ERK performs these functions, 

our data strongly indicate that many TF substrates in tumor cells are phosphorylated by 

active ERK in the perinuclear cytoplasm. Several scaffold proteins have been described that 

tether ERK to cytoplasmic locations and endosomes, including p18, a lipid raft adaptor (50), 

and the p14-MP1 complex (51,52). It will be important to determine the involvement of 

these and other cytoplasmic anchoring proteins in GF-induced and tumor-associated PSCs. 

GFs that signal through G protein-coupled receptors (GPCRs) are known to induce 

sustained, cytoplasmic localization of p-ERK though association with the signaling scaffold, 

β-arrestin, on endosomes (53,54). However, the function and targets of this cytoplasmic pool 

of activate ERK are largely unknown. By analogy to C/EBPβ, it is possible that the 

perinuclear p-ERK induced by GPCR signaling is also used to establish substrate 

accessibility, perhaps involving UPA-like mRNA localization mechanisms. This could be a 

common strategy to control signal transmission to downstream targets and govern biological 

responses to extracellular cues.
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All tumor cells we have examined to date display the two essential features of UPA ‒ PSCs 

and peripheral localization of Cebpb transcripts ‒ even when they lack known RAS 

pathway mutations. Therefore, PSCs appear to be key hallmarks of cancer cells. The spatial 

reorganization of effector kinases in tumor cells may drive neoplastic growth and 

tumorigenesis, with PSCs directing the modification of critical oncogenic substrates at 

perinuclear sites. The presence of PSCs across a wide range of tumors suggests their 

formation can be induced by a variety of driver mutations, not just those affecting core RAS 

pathway components. Thus, future characterizations of rare or non-canonical tumor-

associated mutations should include determining whether the mutant proteins promote PSC 

formation and/or are components of these signaling complexes. In addition, PSCs could 

potentially be used as biomarkers for cancer detection and assessing therapeutic responses.
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Figure 1. 
Ser222/223 is a RAS-induced CK2 phosphoacceptor that regulates C/EBPβ DNA-binding 

and cytostatic activity. A, Diagram showing functional domains of C/EBPβ and the amino 

acid sequence of the bZIP region (rat). The putative CK2 site is boxed and its conservation 

in mouse and human homologs is depicted. TAD, transactivation domain; REG, regulatory 

region; EBR, extended basic region; BR, basic region; LZ, leucine zipper. B, EMSA assay 

showing the effect of Ser223 substitutions on RAS-induced C/EBPβ DNA-binding activity. 

WT and mutant rat C/EBPβ constructs (LAP isoform) lacking 3′UTR sequences were 
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expressed without or with an HRASG12V vector in 293T cells. In this and all subsequent 

experiments involving oncogenic RAS, the cells were serum-starved for 16 hr prior to 

harvesting to prevent growth factor-induced RAS signaling. Nuclear extracts were prepared 

and analyzed by EMSA using a radiolabeled C/EBP binding site probe. C/EBPβ protein 

levels (bottom) were equalized among the various samples prior to EMSA. The EMSA 

image was cropped to include only the area containing protein-DNA complexes. C, 

Transactivation assays of WT and Ser223 mutant C/EBPβ proteins. 293T cells were 

transfected with the indicated C/EBPβ vectors, ± HRASG12V, and a 2X C/EBP-Luc reporter 

construct (inset). Luciferase activity of the reporter alone was normalized to 1; all other 

values represent fold activation relative to the control. n = 3; error bars represent SD. Bottom 

panel shows levels of overexpressed C/EBPβ and HRASG12V proteins. D, Ser223 

phosphorylation is required for the cytostatic activity of C/EBPβ in MEFs. HRASG12V-

expressing Cebpb−/− MEFs, which bypass senescence and form colonies efficiently (11), 

were infected with retroviruses expressing WT or S223A C/EBPβ proteins or the empty 

vector, and colony formation was analyzed. Bottom panel shows C/EBPβ protein levels; NS 

(non-specific band, which serves as a loading control). E, In vitro phosphorylation of 

recombinant C/EBPβ by purified CK2 stimulates its DNA-binding activity. Equal quantities 

of purified C/EBPβ were incubated with either buffer or CK2 holoenzyme and ATP, and 

analyzed by EMSA. F, The CK2 inhibitor, 4,5,6,7-tetrabromo-2-azabenzimidazole (TBB), 

blocks HRASG12V-induced augmentation of C/EBPβ DNA binding and inhibits 

phosphorylation on Ser223. The EMSA was performed as described in panel B. In lane 3, 10 

μM TBB was added to the cells 16 hr prior to harvest. Immunoblots for total C/EBPβ and p-

S223 C/EBPβ levels are shown below. G, TBB inhibits C/EBPβ transcriptional activity. 

Transactivation assays were performed as described in panel C, with 10 μM TBB added to 

the cells as indicated. n = 3; error bars represent SD. H, CK2 activity is required for 

HRASG12V-induced C/EBPβ DNA binding in MEFs. Cells were infected with control or 

HRASG12V retroviruses and treated with vehicle or 10 μM TBB for 16 hr. Nuclear extracts 

were analyzed by EMSA (left); the various complexes correspond to different dimeric forms 

of C/EBPβ, as indicated by arrows (9). Right panel shows C/EBPβ p-S222 levels in the 

lysates compared to total C/EBPβ. I, CK2 association with C/EBPβ is stimulated by 

oncogenic RAS signaling. HA-tagged C/EBPβ was expressed in 293T cells ± HRASG12V 

and immunoprecipitated using an HA antibody. The bound fraction was probed for CK2α. J, 

CK2 is required for efficient C/EBPβ-induced expression of SASP genes in NIH3T3RAS 

cells. NIH3T3 cells expressing HRASG12V and C/EBPβΔUTR were transfected with control 

or CK2α siRNAs and analyzed for expression of SASP genes by qRT-PCR. Expression of 

each gene in siCtrl cells was set to 1, and levels in CK2-depleted cells were calculated as a 

fraction of the control value. n = 3, each sample assayed in triplicate; error bars represent 

SD; *p < 0.05. Right panel: immunoblot showing CK2α levels in control and siRNA 

depleted cells. K, CK2 activity is essential for OIS. MEFs were infected with control or 

HRASG12V-expressing retroviruses and cells were immediately treated with vehicle, 10 μM 

TBB, or 5 μM CX-4945 (30) for the duration of the experiment. After 11 days, cells were 

stained for SA-βGal and the proportion of senescent cells was quantitated. 10 fields 

containing a total of 200-300 cells were analyzed for each cell population; error bars 

represent SD; *p < 0.05.
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Figure 2. 
RAS-induced phosphorylation on C/EBPβ Ser222 is inhibited by the Cebpb 3′UTR through 

mutually exclusive subcellular localization of Cebpb mRNA and CK2. A, The Cebpb 
3′UTR suppresses HRASG12V-induced phosphorylation on Ser222 (CK2) and Thr188 

(ERK). 293T cells were transfected with CebpbΔUTR or CebpbUTR constructs, ± 

HRASG12V, and nuclear extracts were analyzed by immunoblotting using the indicated 

phospho-specific and total C/EBPβ antibodies. B, HRASG12V induces CK2α re-localization 

from the nucleus to a perinuclear cytoplasmic location. Confocal immunofluorescence 
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micrographs are shown for control and RAS-expressing cells immunostained for CK2α. The 

right panels show immunostaining for p-ERK in the same cell populations. C, Fluorescently-

tagged CK2α expressed in NIH3T3 cells undergoes nuclear to perinuclear translocation in 

response to oncogenic HRAS. Images are from live cells stably expressing a CK2α-mCherry 

fusion construct. D, CebpbUTR transcripts are excluded from a perinuclear region that 

contains CK2α in 3T3RAS cells. Confocal images show MS2-GFP-tethered Cebpb 
transcripts that contain or lack the 3′UTR (CebpbUTR and CebpbΔUTR, respectively) (20). 

The cells were also immunostained for CK2α. The free MS2-GFP-nls reporter (not bound to 

Cebpb transcripts) is responsible for the strong nuclear fluorescence. The mRNA-bound 

reporter is cytoplasmic. E, Endogenous CEBPB transcripts display peripheral localization 

that is largely non-overlapping with CK2α in human tumor cells. CEBPB mRNA was 

visualized in PANC-1 and MIA PaCa-2 pancreatic ductal adenocarcinoma cells and 

SW-1573 lung carcinoma cells using single molecule RNA fluorescence in situ hybridization 

(RNA FISH). The cells were also immunostained for CK2α. Examples of two cells are 

shown for PANC-1.
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Figure 3. 
KSR1 is required for C/EBPβ activation and expression of SASP genes in MEFs and 

undergoes perinuclear translocation in HRASG12V-expressing cells. A, Induction of C/EBPβ 
DNA binding by HRASG12V in MEFs is dependent on KSR1. WT and KSR1−/− MEFs were 

infected with control and HRASG12V-expressing retroviruses. Cell lysates were prepared 

and analyzed by EMSA using a C/EBP binding site probe. Levels of C/EBPβ and p-ERK1/2 

in each lysate were analyzed by immunoblotting (bottom). B, KSR1 is essential for RAS-

induced expression of SASP genes in senescent fibroblasts. Control and HRASG12V-
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expressing WT and KSR1−/− MEFs were analyzed for expression of SASP gene mRNAs by 

qRT-PCR. Transcription of these SASP genes in senescent MEFs is also dependent on C/

EBPβ (9). n = 3, each sample assayed in triplicate; error bars represent SD; *p < 0.05. C, 

Oncogenic RAS converts KSR1 from a dispersed cytoplasmic distribution to a tightly 

perinuclear pattern in MEFs. The cells were immunostained using a KSR1 antibody. D, 

Interaction of C/EBPβ with KSR1 is stimulated by HRASG12V signaling and is inhibited by 

the Cebpb 3′UTR. 293T cells were transfected with C/EBPβ vectors lacking or containing 

the 3′UTR and pyo-tagged KSR1, ± HRASG12V. Lysates were immunoprecipitated using a 

pyo antibody and probed for C/EBPβ and KSR1. E, Perinuclear compartmentalization of 

CK2α and p-ERK1/2 is induced by HRASG12V in MEFs and requires KSR1. WT and 

KSR1−/− cells were infected with control or HRASG12V retroviruses and immunostained for 

CK2α and p-ERK. F, GFP-labeled KSR1 displays HRASG12V-induced perinuclear re-

localization in NIH3T3 cells. The GFP-KSR1 fusion construct was stably expressed in 

control and HRASG12V-transformed cells.
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Figure 4. 
KSR1-dependent perinuclear signaling complexes are present in human tumor cells and 

require MEK1/2 and CK2 activity. A and B, A549 lung adenocarcinoma cells (KRASG12S) 

were co-immunostained for CK2α and KSR1 (A), or p-ERK and KSR1 (B), without and 

with KSR1 depletion using a KSR1-specific shRNA. Cells with efficient KSR1 depletion are 

depicted. C, Human A375 melanoma cells (BRAFV600E) display oncogene-dependent 

perinuclear compartmentalization of RAS pathway signaling complexes. Cells were 

transfected with control or BRAFV600E-specific siRNAs and immunostained for CK2α, p-
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ERK or KSR1, together with BRAF. Cells showing efficient BRAF depletion (low BRAF IF 

signals) are depicted. BRAF depletion was also verified by immunoblotting (lower right 

panel). D, MEK1/2 and CK2 inhibitors disrupt formation of perinuclear signaling complexes 

in A549 cells. The cells were treated with vehicle (Ctrl), 5 μM U0126 (MEK inhibitor) or 10 

μM TBB (CK2 inhibitor) for 16 hr and immunostained for CK2α, p-ERK1/2, or KSR1. Two 

examples are shown for each cell population. E, Analysis of KSR1-associated signaling 

complexes in 293T cells. Cells were transfected with Pyo-tagged KSR1 alone or together 

with HRASG12V. Lysates were immunoprecipitated with a Pyo antibody and the bound 

fraction was analyzed by immunoblotting for the indicated proteins (lanes 7-12). Cells co-

expressing KSR1 and HRASG12V were also treated with U0126 (5 μM) (lanes 5 and 11) or 

TBB (10 μM) (lanes 6 and 12) for 16 hr prior to harvest. Input levels are shown in lanes 1-6.
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Figure 5. 
RAS-induced activation of C/EBPβ and formation of perinuclear signaling complexes 

requires endocytosis and involves Rab11+ endosomes. A, 293T cells were transfected with 

C/EBPβΔUTR plasmid ± HRASG12V and then treated with vehicle or the indicated 

concentrations of the dynamin inhibitor, dynasore, for 16 hr prior to harvest. Nuclear 

extracts were equalized for C/EBPβ levels and DNA binding was assessed by EMSA. The 

lysates were also analyzed for C/EBPβ phosphorylation by immunoblotting using the 

indicated antibodies. B, Dynasore disrupts perinuclear localization of signaling complexes in 
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NIH3T3RAS cells. Cells were treated with vehicle or 40 μM dynasore for 16 hr prior to 

fixation and immunostaining for KSR1, CK2α, or p-ERK1/2. C, KSR1 and CK2α partially 

overlap with Rab11-positive endosomes in A549 cells. Cells were co-immunostained for 

Rab11 and KSR1, CK2α, or p-ERK. Merged images show appreciable co-localization of 

Rab11 with KSR1 and CK2α but much less with p-ERK. D, Co-localization of Rab11 with 

signaling proteins is observed in NIH3T3RAS cells. The cells were immunostained as 

described in panel C. E, Dynasore prevents perinuclear compartmentalization of CK2α, 

KSR1 and p-ERK in A549 cells and disrupts co-localization of Rab11 with CK2α and 

KSR1. Cells were treated with 80 μM dynasore for 16 hr prior to fixation and 

immunostained for the indicated proteins. F, NIH3T3RAS cells were treated with dynasore 

(40 μM for 16 hr) and co-immunostained for Rab11 and KSR1, CK2α, or p-ERK.
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Figure 6. 
PSCs are present in KRASG12D-driven mouse lung adenocarcinomas and BRAFV600E-

induced adenomas. A, H&E stained lung sections from WT mice and KrasG12D- and 

BrafV600E-induced models of lung cancer. B, IF staining of normal and tumor-bearing lung 

areas from K-rasLA2 mice (22). Frozen sections were immunostained for KSR1, CK2α, p-

ERK and BRAF. The tumor images were taken from boundary regions, where the tumor 

cells are less densely packed and both normal and cancerous cells are visible. A 

representative KSR1-stained cell is outlined to indicate the cell boundary. C, IF staining of 
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normal and tumor-bearing lung areas from mice carrying BrafV600E-induced adenomas (23). 

Frozen lung tissue sections were immunostained for KSR1, CK2α, p-ERK and BRAF.
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Figure 7. 
PSCs form transiently 4-6 hours after GF stimulation in non-transformed cells and correlate 

with C/EBPβ phosphorylation and activation of DNA binding. A, NIH3T3 cells were 

transfected with plasmids expressing CebpbΔUTR (left) or CebpbUTR (right), serum-starved 

for 24 hr and re-stimulated with serum for the indicated times. Nuclear extracts were 

prepared and analyzed for C/EBPβ DNA binding by EMSA and immunoblotted for p-S222 

(CK2 site), p-T188 (ERK site) and total C/EBPβ. UT, untransfected cells. B, PSCs are 

induced by serum growth factors in NIH3T3 cells with delayed kinetics. Cells were starved, 

stimulated with serum for the indicated times and immunostained for CK2α, p-ERK, KSR1, 

or BRAF. C, GF-induced phosphorylation of C/EBPβ Thr188 requires KSR1. CebpbΔUTR-
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transfected cells, without or with siRNA-mediated depletion of KSR1, were starved and re-

stimulated with serum for 0 or 6 hr and lysates analyzed for C/EBPβ p-T188, total C/EBPβ, 

and p-ERK. Ratios of p-T188 to total C/EBPβ were calculated from the chemiluminescent 

images and are shown below the upper panel; n = 2; error represents SD.
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