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Abstract

The extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathway plays a central role in 

defining various cellular fates. Scaffold proteins modulating ERK1/2 activity control growth 

factor signals transduced by the pathway. Here, we analyzed signals transduced by Shoc2, a 

critical positive modulator of ERK1/2 activity. We found that loss of Shoc2 results in impaired 

cell motility and delays cell attachment. As ERKs control cellular fates by stimulating 

transcriptional response, we hypothesized that the mechanisms underlying changes in cell 

adhesion could be revealed by assessing the changes in transcription of Shoc2-depleted cells. 

Using quantitative RNA-seq analysis, we identified 853 differentially expressed transcripts. 

Characterization of the differentially expressed genes showed that Shoc2 regulates the pathway at 

several levels, including expression of genes controlling cell motility, adhesion, crosstalk with the 

transforming growth factor beta (TGFβ) pathway, and expression of transcription factors. To 

understand the mechanisms underlying delayed attachment of cells depleted of Shoc2, changes in 

expression of the protein of extracellular matrix (lectin galactoside-binding soluble 3-binding 

protein; LGALS3BP) were functionally analyzed. We demonstrated that delayed adhesion of the 
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Shoc2-depleted cells is a result of attenuated expression and secretion of LGALS3BP. Together 

our results suggest that Shoc2 regulates cell motility by modulating ERK1/2 signals to cell 

adhesion.
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1. Introduction

The mechanisms leading to activation of RAF, MEK and ERK kinases in the extracellular 

signal-regulated kinase 1 and 2 (ERK1/2) pathway have been studied extensively [1, 2]. 

However, what determines the activity of the pathway in the context of a specific set of 

downstream targets and how ERK signals result in distinct biological outcomes is not yet 

clear. Several studies suggest that divergent cell fates induced by the ERK pathway are the 

result of a tight spatio-temporal control of ERK1/2 targeting, sequestration and activation of 

the kinases and phosphatases, as well as modulation of the strength and duration of the ERK 

signaling [3, 4]. Scaffold proteins have been proposed to fulfill some of these requirements. 

Scaffolds have been implicated in controlling the spatial organization of signaling enzymes, 

insulation of active modules and prevention of a spurious cross-talk of signaling networks 

[5, 6]. Yet, detailed mechanisms allowing scaffolds to elicit specific cellular responses at the 

molecular level remain to be elucidated.

Scaffold proteins of the ERK1/2 pathway represent a diverse group of proteins [2]. A well-

studied scaffold kinase suppressor of Ras 1 (KSR1) [7–9] is the multifunctional protein that 

binds to and accelerates activity of MEK and RAF kinases thereby stimulating expression of 

genes that drive cell proliferation and differentiation [10, 11]. Other ERK1/2 scaffolds, 

mitogen-activated protein 1 (MP1) and p14 (also called the LAMTOR2/3 complex), are 

believed to regulate cytoskeletal dynamics [12–15], and the MP1/p14 complex is involved in 

remodeling of focal adhesion and actin structures during cell spreading [16].

Ras-RAF-1-ERK1/2 signaling is accelerated by the scaffolding protein Shoc2 [17, 18]. This 

evolutionarily well-conserved protein is essential for normal development [19–21]. Loss of 

Shoc2 in mammalian cultured cells and C. elegans leads to a dramatic decrease in ERK1/2 

activity [17, 22, 23]. As a scaffold protein, Shoc2 provides a molecular platform for multi-

protein assemblies that modulate ERK1/2 activity [24, 25]. In addition to its signaling 

partners Ras and RAF-1, Shoc2 tethers the catalytic subunit of protein phosphatase 1c 

(PP1c) as well as proteins of the ubiquitin machinery HUWE1 and PSMC5 [23, 26, 27]. The 

ability of this non-catalytic scaffold to mediate ERK1/2 signaling is controlled through 

allosteric ubiquitination [24]. Alterations in the mechanisms controlling ubiquitination of the 

scaffold affect Shoc2-mediated ERK1/2 signals and cell motility [27].

Activation of the ERK1/2 pathway in response to epidermal growth factor (EGF) 

stimulation of the EGF receptor falls into three major regulatory loops: immediate, delayed, 

and late (secondary) [28–30]. The immediate regulatory loop induces phosphorylation of 

transcription factors such as FOS, Jun and EGR1 and does not require new protein synthesis 
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for their transcription [30]. Expression of the genes of the immediate response induces 

transcription of delayed genes, such as the RNA-binding protein ZFP36 or dual specific 

phosphatases, which dephosphorylate ERK1/2 kinases that terminate the activity of the 

immediate loop [30]. Late (secondary) transcriptional response leads to expression of genes 

such as actin-binding proteins or genes encoding proteins that are involved in cell 

metabolism and biogenesis of membranes and appear to define cellular outcomes [31].

In the current study, we aimed to determine the specific ERK1/2 response elicited through 

the Shoc2 scaffolding module. Results of this study provide evidence that Shoc2-mediated 

ERK1/2 activity contributes to maintenance of the ERK1/2 feedback loop that regulates 

expression of genes of the TGFβ pathway. We also found that Shoc2-ERK1/2 signals 

control cell motility and adhesion, in part, through mechanisms that monitor expression of 

the protein of extracellular matrix- lectin galactoside-binding soluble 3-binding protein or 

LGALS3BP (also called Mac-2 binding protein) [32]. Deficient expression and secretion of 

this heavily glycosylated protein led to attenuated attachment of Shoc2-depleted cells. These 

results indicate that Shoc2 transduces signals to unique cellular responses and identifies 

novel molecular targets of the Shoc2-ERK1/2 signaling axis.

2. Materials and methods

2.1. Reagents and antibodies

EGF was obtained from BD Bioscience. U0126 and PD98059 were obtained from LC 

Laboratories. Respective proteins were detected using specific primary antibodies, 

including: GAPDH, phospho-ERK1/2, ERK1/2, MEK1/2, COL1A1 and EGFR (Santa Cruz 

Biotechnology); His, Shoc2 and LGALS3BP (Proteintech); phospho-AKT, KSR1, phospho-

MEK1/2 (Cell Signaling).

2.2. Constructs

Shoc2-tRFP was described previously [25, 33]. The plasmid carrying full-length His-tagged 

LGAL3SBP was obtained from Dr. Enza Picollo (Chieti, Italy). The plasmid carrying 

shRNA specifically recognizing KSR1 was kindly provided by Dr. Tianyan Gao (University 

of Kentucky) and was obtained from the Sigma Mission collection. The shRNA sequence 

used to target the KSR1 transcripts was as follows: #1-5’-

CCGGCAACAAGGAGTGGAATGATTTCTCGAGAAATCATTCCACTCCTTGTTGTTT

TT G-3’; #2- 5’-

CCGGTCGTACACAAAGATCTCAAATCTCGAGATTTGAGATCTTTGTGTACGATTT

TT G-3’. Efficiency of the shRNA knockdown was validated by western blotting. Plasmid 

DNAs were purified using Zymo Research. All constructs were verified by 

dideoxynucleotide sequencing.

2.3. Cell culture and DNA transfections

Cos1 (ATCC), and stable cell lines (NT, LV1, SR) (derivative of Cos1 cells) were grown in 

Dulbecco Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS) 

supplemented with Sodium Pyruvate, MEM-NEAA, Penicillin, Streptomycin, and L-

Glutamate (Invitrogen). MCF7, T47D and stable cell lines (NT, LV1, SR) (derivative of 
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T47D cells) were grown in RPMI 1640 Medium containing 10% FBS. MCF7 and stable cell 

lines (NT, LV1, SR) (derivative of MCF7 cells) were grown in MEM containing 10% FBS. 

The transfections of DNA constructs were performed using PEI (Neo Transduction 

Laboratories, Lexington, KY) reagent.

2.4. Real-time quantitative polymerase chain reaction (qPCR)

Total RNA was isolated using PureZOL/Aurum Total RNA Isolation Kit (Bio-Rad) 

according to manufacturer instructions. Aliquots containing equal amounts of RNA were 

subjected to RT-PCR analysis. The RNA quality for RNA-seq was tested using Agilent 

Bioanalyzer 2100. Quantitative RT-PCR was performed using SoAdvanced™ SYBR® 

Green supermix and the Bio-Rad CFX detection system (Bio-Rad). Relative amounts of 

RNAs were calculated using the comparative CT method [34]. HPRT1 gene expression was 

used as a reference. Sequence-specific primer sets are presented in Supplemental Table 3.

2.5. Western blot analysis

Cells were placed on ice and washed with phosphate-buffered saline (PBS); proteins were 

then solubilized in lysis buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton, 1 

mM Na3OV4, 10 mM NaF, 0.5 mM phenylmethylsulfonyl fluoride, 10 µg/ml of leupeptin 

and 10 µg/ml of aprotinin for 15 min at 4°C. Lysates were centrifuged for 15 min to remove 

insoluble material. Cell lysates were denatured in the sample buffer at 95°C, resolved by 

electrophoresis, and probed with various antibodies, followed by chemiluminescence 

detection. Quantification was performed using the densitometry analysis mode of Image Lab 

software (Bio-Rad, Inc.).

2.6. Wound healing assays

Cells were seeded at a density of 1 × 105/mL in each well of IBIDI™ Culture-Inserts placed 

on a glass-bottom 33 mm culture dish. To create 500 µm cell-free gap, culture-inserts were 

removed 18h upon seeding. Cells were then treated with 10 nM EGF and observed with a 

10× objective on a Zeiss Axiovert microscope. Images were acquired using Slidebook 

software (Intelligent Imaging Innovations, Denver, CO). Detection of GFP fluorescence was 

performed using a FITC filter channel every 12h up to 48h. The distance of closure was 

measured at three spots and the average from three images was shown as mean ± SD.

2.7. Migration assay

Cell migration assays were performed using 8.0 µm pore 24-well TC inserts (Greiner Bio-

one, Monroe, NC, USA). Filters were coated with 15 µg/ml collagen at 37°C for 30 min. 

Cells were trypsinized (with 0.05% Trypsin-EDTA; Invitrogen), collected with serum-free 

medium containing soybean trypsin inhibitor (1 mg/ml), centrifuged (500 × g for 5 min), 

and then resuspended in serum-free medium. Cells (5 × 104) were then placed in the upper 

chamber and the lower chamber was filled with complete medium with 10% serum or 10nM 

EGF. Cells were migrated at 37°C for 4h. After removing non-migrated cells, membranes 

were fixed in methanol and stained with 1% crystal violet. Migrated cells were counted in 

three random fields per membrane under the microscope at × 20. Each assay was repeated 

Jeoung et al. Page 4

Cell Signal. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more than three times. To test migration of T47D cells, plates were incubated for 24h at 

37°C.

2.8. Cell attachment assay

Cells were trypsinized (with 0.05% Trypsin-EDTA; Invitrogen) and collected with serum-

free medium containing soybean trypsin inhibitor (1 mg/ml) as described previously [35, 

36]. Cells were centrifuged, washed once with serum-free medium, and resuspended gently 

in serum-free medium. After incubation for 90 min in a cell culture incubator at 37°C (5% 

CO2), cells were subsequently seeded at a density of 5 × 104 cells per well in a 96-well 

culture plate coated with collagen (10 ng/mL), fibronectin (5 ug/mL) or laminin (1 ug/mL). 

Cells were maintained at 37°C in a humidified 5% CO2 incubator. After incubation for 

indicated times, attached cells were fixed using 4% paraformaldehyde (Sigma-Aldrich) in 

PBS for 10 min, washed with PBS and stained with 1% crystal violet. Attached cells were 

then solubilized with 2% SDS, and the OD550 was measured by spectrophotometer. Each 

assay was repeated more than three times in duplicate.

2.9. Culture media concentration

Cells were grown to 90% confluency. Culture medium was collected 18–24h after seeding, 

then were filtered and concentrated in the presence of proteinase inhibitors using centrifugal 

filters (Amicon Ultra-15, >30KDa, Millipore, Germany).

2.10. Cell growth assay

Cells were seeded into a 96-well culture plate at a density of 1,000 cells/well and were 

grown in DMEM supplemented with 10% FBS. Cell viability was measured using CellTiter 

96 AQueous Non-Radioactive Cell Proliferation Assay (Promega) according to the 

manufacturer recommendations. The absorbance at 450 nm was measured on a 96-well plate 

reader. Each experiment was done in quadruplicate and repeated three times.

2.11. Immunoprecipitation and deglycosylation

The cells were transfected with LGALS3BP plasmid. 36h post-transfection, cells were 

placed on ice and washed with PBS, and the proteins were solubilized in lysis buffer 

containing 20 mM HEPES (Sigma) pH 7.6, 10 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA 

(Sigma), 1 mM EGTA (Sigma), 0.5 mM PMSF (Sigma), 10 µg/ml of leupeptin (Roche), 10 

µg/ml of aprotinin (Roche), 5 µg/ml of pepstatin A (Sigma), and 50 mM β-glycrophosphate 

(Sigma) for 15 min at 4°C. Lysates were then centrifuged at 2,500 × g for 15 min to remove 

insoluble material. Lysates were incubated with anti-His antibody for 2h and the immuno-

complexes were precipitated using Protein A Sepharose. Immunoprecipitates were digested 

with PNGase G or Endo H (New England BioLabs), denatured in the sample buffer at 95°C 

and resolved by electrophoresis.

2.12. RNA-seq analysis

Triplicates of RNA from Cos-NT and Cos-LV1 cells were purified as described above. For 

library preparation, mRNA was first extracted from total RNA using oligo (dT) magnetic 

beads and sheared into short fragments of about 200 bases. The cDNA library was 
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sequenced using Illumina HiSeq 2500 sequencer. RNA-seq reads were trimmed using 

Trimmomatic-0.27 [37, 38]. Short reads were aligned to vervet monkey reference genome 

(Chlorocebus sabaeus) using TopHat [39] with the ChiSab gene description file from 

Ensembl. Aligned RNA-seq reads were assembled. Fragments per kilobase per million 

mapped (FPKM) reads were determined for all RefSeq genes using CuffLinks and CuffDiff 

(FDR <0.05) [39]. The RNA-seq data is publicly available as GEO series GSE67063. The 

data is MIAME compliant. http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE67063+

2.13. Gene ontology (GO) and pathway and network analysis

Differentially expressed genes determined by RNA-seq analysis were used for functional 

enrichment including the Ingenuity Pathways Analysis system (IPA, http://

www.ingenuity.com) that predicts molecular and cellular functions using the Ingenuity 

Knowledge base as the background. Gene ontology terms within the data set were provided 

by Protein Analysis Through Evolutionary Relationships (PANTHER) [40].

2.14. Statistical analysis

Results are expressed as mean ± SD. Statistical significance of the differences between 

groups was determined using either Student's t test or one-way ANOVA (followed by the 

Tukey’s test). P-values <0.05 were considered statistically significant. All statistical 

analyses were carried out using SigmaStat 3.5 (Systat Software Inc., Point Richmond, CA, 

USA).

3. Results

3.1. Cells depleted of Shoc2 scaffold exhibit reduced cell motility

We and others have suggested that Shoc2 is involved in regulating cell polarity and 

movement [26, 27, 41]. To understand the cellular functions controlled by the Shoc2-

mediated ERK1/2 signals, we utilized Cos1 cells stably depleted of Shoc2 (Cos-LV1) as 

well as cells stably depleted of Shoc2 and then rescued with Shoc2-tRFP (Cos-SR) [25, 42]. 

We also generated T47D and MCF7 cells constitutively depleted of Shoc2 (T47D-LV1, 

MCF7-LV1) and T47D and MCF7 cells depleted of Shoc2 and then rescued with Shoc2-

tRFP (T47D-SR, MCF7-SR) (Suppl. Fig. 1). The effects of Shoc2 depletion or rescue in 

T47D and MCF7 cells were similar to that observed in Cos1 cells: silencing of Shoc2 

resulted in decreased ERK1/2 activity that was rescued by the expression of Shoc2-tRFP 

[25].

To analyze the motility of cells depleted of Shoc2 in more detail, we first monitored the 

ability of the cell monolayer to migrate into and across a nude area over time using time-

lapse live-cell microscopy (Fig. 1A, B). The rate of gap closure was assessed over a 48h 

period. We found that control cells expressing Shoc2 (NT) as well as cells stably depleted of 

Shoc2 and then rescued with Shoc2-tRFP (Cos-SR) readily migrated into the wounded area 

and closed the wound after 36h (48h for T47D). In contrast, the lag in migration of the 

Shoc2-depleted Cos1 cells was clear even after 36h of continued culture observation (Fig. 

1A–C). To extend the wound-closure analysis and to evaluate additional aspects of motility 
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including chemotaxis, modified Boyden chamber migration assays were performed. 

Chemotaxis was evaluated in response to EGF. Consistent with the results of wound-healing 

analysis (Fig. 1A–C), the Shoc2-depleted cells migrated less efficiently than control cells 

(Fig. 1D, E). Together these data indicate that Shoc2 depletion inhibits cell motility.

We next investigated the effect of Shoc2 ablation on the ability of cells to adhere to 

extracellular matrixes (i.e. collagen I, laminin, and fibronectin). We found that silencing of 

Shoc2 led to decreased cell attachment to collagen type I when seeded for 10 min (Fig. 1F–

I). Once Shoc2-depleted cells were incubated on collagen I for longer times (30 min), the 

levels of cell attachment were comparable to those observed for the control cells (Suppl. Fig. 

2A). Attachment rates of Cos1 and T47D cells in which Shoc2 was reconstituted with 

Shoc2-tRFP (SR) were similar to control cells (NT) (Fig. 1F–I). We have not detected 

changes in the attachment of Shoc2-depleted cells to fibronectin or laminin (Suppl. Fig. 2B–

D). Growth assays to measure the proliferation of cells depleted of Shoc2 suggest that the 

reduced adhesion was not caused by cytotoxicity (Suppl. Fig. 1C, D). The compromised 

ability of Shoc2-depleted cells to adhere to collagen suggests that Shoc2 controls a pool of 

ERK1/2 signals that regulates cell attachment.

To test this notion, we examined whether depletion of another well-studied ERK1/2 

scaffold, KSR1[8], affected cell attachment. Two different shRNA duplexes (#1 and #2) 

were utilized to generate cells constitutively depleted of KSR1. In these cells mRNA levels 

of KSR1 were reduced to about 20% of its endogenous expression (Cos-NT) (Fig. 2A). 

mRNA levels of Shoc2 were not affected (Fig. 2B). In order to prevent clonal variations due 

to different sites of viral genome incorporation, a pool population of shRNA-expressing 

Cos-KSR1 cells was used in subsequent experiments. Consistent with earlier reports, 

silencing of KSR1 attenuated ERK1/2 phosphorylation (Fig. 2C) leading to reduction in cell 

growth (Fig. 2D). We did not observe changes in AKT phosphorylation (Fig. 2C). 

Importantly, we found that attachment of KSR1-depleted cells was comparable to the 

control cells (Fig. 2E–F). Together, these data indicated that alterations in the ability of 

Shoc2-depleted cells to adhere were not due to the general attenuation of ERK1/2 activity 

but rather a result of a decrease in ERK1/2 signals mediated by the Shoc2 scaffold.

3.2. Transcriptome analysis identified differentially expressed genes controlling cell 
motility

Considerable effort devoted to characterization of genes of the immediate transcriptional 

response to EGF signaling identified a high redundancy of this response [43, 44]. 

Conversely, several other studies reported that the expression of numerous genes involved in 

regulation of cell motility, adhesion, and organization of actin cytoskeleton is induced 

during the late EGFmediated ERK1/2 transcriptional response [28, 31, 45]. Hence, to gain 

insight into the mechanisms responsible for the reduced motility and attachment of Shoc2-

depleted cells, in the following studies we focused on the expression of the genes of the late 

(secondary) response.

To obtain a comprehensive understanding of the Shoc2-mediated ERK1/2 transcriptional 

response, we utilized comparative whole-genome profiling of cells depleted of Shoc2. RNA 

deep sequencing (RNA-seq) of Cos1 (NT vs. LV1) cells was performed. Cos1 cells were 
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chosen as they presented the most dramatic changes in cell motility and attachment when 

Shoc2 was silenced (Fig. 1). mRNA isolated from the cells stimulated with EGF for 90 min 

were submitted for RNA-seq without RNA amplification to avoid any potential variances in 

transcripts. A flow chart of the experiment and RNA-seq analysis is shown in Suppl. Fig. 

3A. As shown in Suppl. Fig. 3B, EGF induced a robust phospho-ERK1/2 response at 7 min 

of 0.2 ng/ml physiological response with only minimal phospho-ERK1/2 response in cells 

depleted of Shoc2. A summary of the RNA-seq data obtained in these experiments is shown 

in Suppl. Fig. 3C, D.

RNA-seq reads from Cos1 cells (African green monkey kidney) were aligned to the vervet 

reference genome (Chlorocebus sabaeus) ChiSab1.0 (GCA 000409795.1) (http://

pre.ensembl.org/Chlorocebus_sabaeus/Info/Index) using TopHat (version 2.0.4) with the 

Ensembl pre-release gene annotation file. Interestingly, only 60% of the reads from each 

sample aligned to a transcript (Suppl. Fig. 3E), indicating that the genome transcript 

annotations are likely incomplete. Aligned RNA-seq reads were assembled and merged 

using TopHat/Cufflinks software package [46]. The number of mapped reads ranged from 

32.3 million to 39.9 million per sample and resulted in 27,265 transcript identifiers from 

23,709 unique gene regions. Taken together, this indicates both a depth and breadth of 

sequencing coverage allowing for comprehensive analysis of differentially regulated genes.

To identify differentially expressed genes, data was analyzed using Cufflinks and CuffDiff 

[47]. We found that ranking of the genes on the basis of a Log2fold change was somewhat 

misleading because no or very low transcript levels in Cos-LV1 led to very high rate of 

differential expression even if the transcript level in Cos-NT was very low. Thus, to rank 

differential expression in a more biologically meaningful way, we used a false discovery 

rate (FDR) < 0.05 and reads per kilobase of exon per million reads mapped (RPKM) 

ranking. 853 genes were ranked as differentially expressed, with 317 upregulated and 536 

downregulated. The Log2fold changes for the obtained gene set are highlighted on an MA 

plot (Fig. 3A). A list of top 20 differentially expressed genes organized by intensity/RPKM 

can be found in [37]. Next, we selected 14 genes for additional confirmation by RT-PCR 

(Fig. 3B). The criteria for selection included >1.5-fold change and FDR < 0.05. These genes 

were also selected because of their relatively abundant gene expression levels. All of the 

analyzed genes showed consistent expression patterns (Log2fold change) between RNA-seq 

and RT-PCR analysis. A significant correlation (r2=0.85496, p<0.0001, Fig. 3C) between 

the Log2fold change in expression (relative to the control) of the RNA-seq and the RT-PCR 

data further confirmed accuracy of the results obtained with the RNA-seq data. Moreover, 

assessment of the gene expression in cells where endogenous Shoc2 was reconstituted with 

Shoc2-tRFP (Cos-SR) (Suppl. Fig. 4A) or in KSR1-depleted cells (KSR#2) (Suppl. Fig. 4B) 

showed no significant difference in mRNA levels of the target genes (relative to control), 

providing additional validation to our data and hypothesis.

3.3. Depletion of Shoc2-mediated ERK1/2 signaling leading to the induction of alternate 
signaling pathways

To allow for further identification of differentially expressed genes, data was annotated and 

analyzed by IPA Ingenuity™ and the Protein Analysis Through Evolutionary Relationships 
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(PANTHER) resource [40]. Differentially expressed genes separated into 28 PANTHER 

protein classes with transcription factors, nucleic acid binders, signaling molecules and 

receptors comprising 32.3% of the differentially expressed genes (Fig. 4A and Table 12 in 
[37]). PANTHER analysis of significant gene ontology biological processes (GO BP) 

identified significant enrichment in several biological terms including “metabolic process” 

and “cellular process” (Fig. 4B and Table 13 in [37]). The comprehensive examination by 

IPA Ingenuity™ to analyze molecular and cellular functions also found that the 

differentially expressed genes are involved in cellular development, movement, cellular 

assembly and organization as well as cellular function and maintenance (Fig. 4C).

IPA pathway analysis of the differentially expressed transcripts was then used to examine 

changes in individual signaling modules. First, we analyzed the functional consequences of 

the loss of Shoc2 on transcriptional programs of ERK/MAPK signaling. Similarly to what 

described in our earlier studies [25, 33], no significant changes were found in the expression 

of genes of the ERK1/2 pathway upon loss of Shoc2 and no genes of the ERK/MAPK 

pathway showed a fold change ≥1.5 in expression (not shown). Further analysis of the genes 

exhibiting changes in transcription revealed that Shoc2 depletion altered the expression of 

genes of the BMP/TGFβ pathway such as SMAD6/SMAD7 (Log2fold =0.609), BMP2 

(Log2fold =1.999), BMP3 (Log2fold = −1.038), BMP6 (Log2fold = −0.744) and chordin 

(Log2fold = −2.054) (Fig. 4D). This observed enrichment for the regulators of the TGFβ 

signaling pathway was consistent with reports of antagonism between ERK1/2 and TGFβ as 

regulating balance in the post-receptor phase of the pathway [48]. Interestingly, we also 

found alterations in the expression of growth factors such as TGFβ and BMP6/2/3, BDNF, 

FGF13, FGF5 and NRG3 in the Shoc2-knock down cells. These results indicate that loss of 

Shoc2 affected an important mechanism that balances signals through multiple signaling 

networks.

Next, we interrogated the response to a loss of Shoc2 in the expression of transcription 

factors and nucleic acid binding proteins. Differentially expressed transcription factors and 

proteins associated with transcription represented a large group of 171 genes (80 

downregulated and 91 upregulated). Expression of transcription factors in the EGF-treated 

cells has been established by several studies [30, 44]. Therefore, we compared the results of 

our analysis to the data published by Amit et al., 2007 [30]. Surprisingly, very little overlap 

was found in identities of transcription factors in the two data sets. This may be due to the 

differences in the experimental and data analysis approaches of these studies (e.g. 

microarray analysis of HeLa cells vs. RNA-seq of Cos1 cells). Nevertheless, in addition to 

altered expression of the classic component of EGFR network v-Myc (Log2fold= −1.234), 

only four transcription factors were found in both sets of data (FOXC1, JUNB, KLF6, 

NAB2). All other transcription factors or proteins associated with transcription, in which 

expression changed in response to the loss of Shoc2, have not been previously reported to 

respond to EGFR activation (partial list is presented in Suppl. Table 1). Interestingly, IPA 

Ingenuity™ analysis of the upstream regulators found that similar changes in expression of 

transcription factors and proteins associated with transcription were observed when the 

TGFβ signaling pathway was affected. These results reveal novel pathway connectivity and 
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may reflect on a role of Shoc2 in mediating ERK1/2 signals controlling activity of other 

signaling pathways.

3.4. Experimental validation of RNA-seq analysis predicts that expression of motility genes 
is affected by the Shoc2-mediated ERK1/2 signaling

Examination of cellular and molecular functions by IPA Ingenuity™ revealed an adhesion 

signature within the differentially expressed genes (ITG4, p= 3.60E-53, Neuropilin 1, p= 

2.50E-37, CD97, p= 5.87E-15, and others; Suppl. Table 2), suggested a potential mechanism 

underlying changes in the motility of Shoc2-depelted cells. Therefore, we set to examine 

whether changes in gene expression identified by RNA-seq correlate with changes in protein 

synthesis using complementary biochemical methods.

For the experimental validation we chose the LGALS3BP due to its functional connection to 

focal adhesion assembly and cell migration [49]. LGALS3BP was top ranked using RPKM 

ranking with Log2fold= −1.613. Previous studies proposed that LGALS3BP docking of 

galectin 3 results in cross-linking and clustering of integrins on the cell surface [32]. In 

addition, LGALS3BP is a heavily glycosylated secreted molecule that has been implicated 

in the tumor metastatic process of breast cancers [50, 51]. LGALS3BP is associated with 

shorter survival in patients with breast carcinoma [52] and several other types of cancers 

[53].

First, we utilized RT-PCR analysis to validate that loss of Shoc2 results in decreased RNA 

expression of LGALS3BP in T47D, Cos1 and MCF7 cells (Fig. 5A). We then examined 

whether protein expression of LGALS3BP was affected by silencing of Shoc2. The reduced 

LGALS3BP mRNA expression corresponded to the decreased intracellular protein 

expression (Fig. 5B, lysate). Moreover, we found a dramatic decrease in the LGALS3BP 

secretion to the culture media (Fig. 5B, medium). To validate that reduced secretion of 

LGALS3BP is not due to deficiencies in the glycosylation of LGALS3BP, we expressed 

His-tagged LGALS3BP in cells depleted of Shoc2 and then examined glycosylation of the 

intracellular His-LGALS3BP. His- LGALS3BP was immunoprecipitated from control and 

Shoc2-depleted cells and then digested with either Endoglycosidase H (Endo H) to remove 

high mannose N-glycans or with Peptide -N-Glycosidase F (PNGase F) to remove the high 

mannose, hybrid, and complex N-glycans from LGALS3BP [54]. We found that 

glycosylation of His-LGALS3BP expressed in Cos-LV1 cells was comparable to the 

glycosylation of His-LGALS3BP expressed in Cos-NT cells (Fig. 5C), indicating that 

deficiencies in secretion of LGALS3BP are not due to alterations in LGALS3BP post-

translational processing. The secretion of LGALS3BP in KSR1-depleted cells was not 

affected (Fig. 5D). Together, these results suggest that ERK1/2 activity mediated by Shoc2 

is necessary to induce transcription of LGALS3BP.

Next, to address whether deficient attachment of the Shoc2-depleted cells (LV1) is due to 

the decreased levels of LGALS3BP secretion, we examined attachment of Cos-LV1 and 

T47D-LV1 cells in the presence of the conditional media of control cells (LV1+NT-CM). 

We found that when the assay was performed in the presence of the culture media collected 

from NT cells, attachment of LV1 cells was restored to the rates comparable to those of cells 

expressing endogenous levels of Shoc2 (Fig. 6A–D, LV1+NT-CM). However, when cell 
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attachment of the Shoc2 depleted (LV1) cells was examined in the presence of the culture 

media collected from cells lacking Shoc2 (LV1+ LV1-CM), we did not observe rescue in 

attachment of these cells (Suppl. Fig. 5A, B).

To directly examine whether changes in transcription of LGALS3BP led to the altered 

attachment of Shoc2-depleted cells, we transiently expressed His-LGALS3BP. As expected, 

ectopic expression of LGALS3BP restored secretion of LGALS3BP to the cell media (Fig. 

6E) and the attachment of Cos-LV1 and T47D-LV1 cells (Fig. 6A–D, LV1+LGALS3BP).

To further validate the role of the ERK1/2 pathway in controlling expression of 

LGALS3BP, we used MEK1/2 inhibitors U0126 and PD98059. These inhibitors block the 

transfer of phosphate by MEK1/2 to ERK1/2, thus resulting in inhibition of the MEK kinase 

activity toward ERK [55]. Reduced phosphorylation of ERK1/2 observed in EGF-stimulated 

cells treated with UO126 and PD98059 (Suppl. Fig. 5C, E) affected the mRNA levels of 

LGALS3BP and other target genes (Suppl. Fig. 5D, F). Importantly, inhibition of MEK1/2 

activity resulted in the dramatic reduction in the levels of the secreted LGALS3BP (Fig. 6F). 

These data indicate that the MEK-ERK kinase activity is required for the efficient 

LGALS3BP expression and secretion.

We next examined whether ectopic expression of LGALS3BP in cells affects ERK1/2 

phosphorylation. No significant change in the levels of phospho-ERK1/2 in cells transiently 

expressing LGALS3BP was detected (Fig. 6G). Moreover, we did not observe changes in 

phosphorylation of FAK (not shown), suggesting restored adhesion of Cos-LV1 and T47D-

LV1 cells expressing LGALS3BP is not due to the increased “inside-out” ERK1/2 signal, 

but is a consequence of restored LGALS3BP secretion. Together, this data not only validate 

the hypothesis that Shoc2-ERK1/2 signals control expression of LGALS3BP, but also 

suggest that deficiencies in adhesion of cells depleted of Shoc2 are the result of LGALS3BP 

decreased expression.

4. Discussion

Diverse cellular outcomes triggered by the ERK1/2 signaling cascade include modulation of 

cell cycle, proliferation, transcription, migration, and senescence, to name a few. Scaffold 

proteins have been suggested to offer conduits that convey a multipotent general ERK signal 

into a specific cellular outcome [6, 56]. However, our understanding of how signals are 

directed by the individual ERK1/2 scaffolds is still limited. The findings presented in this 

study provide sufficient evidence for the role of Shoc2 scaffold as a regulator of ERK1/2 

signals to cell motility and attachment. This study shows that altered cell motility upon 

Shoc2 depletion is an effect of robust changes in transcription and establishes the existence 

of the ERK1/2/Shoc2-dependent signaling axis that regulates the expression of the 

extracellular matrix protein LGALS3BP. Our data support the exciting notion that the 

ERK1/2 signal generated by EGFR receptors is routed by the Shoc2 scaffold proteins to 

initiate cell attachment and motility. The notion that Shoc2 modulates ERK1/2 signals to 

cell motility is reinforced by the following findings: (i) constitutive depletion of Shoc2 

reduced attachment and motility rates of multiple breast carcinoma cells to collagen I (Fig. 

1); (ii) constitutive depletion of another ERK1/2 scaffold, KSR1, had no effect on cell 
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motility attachment (Fig. 2); and (iii) expression of numerous genes controlling cell 

adhesion and motility was dramatically affected by Shoc2 silencing (Fig. 3).

Activation of an individual receptor tyrosine kinase controls multiple downstream outputs 

and transcriptional programs, and several studies have characterized total transcriptional 

ERK1/2 response in neurons, 3T3 fibroblasts or mouse embryonic palatal mesenchyme cells 

[43, 57, 58]. The RNA-seq analysis of cells depleted of Shoc2 provides insight into 

differences in gene expression following loss of the signaling scaffold, with the added 

benefit of producing a comprehensive list of total gene expression of Cos1 cells. Silencing 

of Shoc2 led to altered expression of a surprisingly large number of genes (Fig. 4). 

Validation of selected transcripts covering a wide range of expression by RT-PCR showed 

good agreement with RNA-seq data and demonstrated the feasibility of this approach. We 

found that Shoc2-ERK1/2 signals contribute to regulating the expression of several protein 

classes. Moreover, our data significantly expands a list of transcription factors and proteins 

associated with transcription stimulated by EGF-ERK1/2 activity (see supplemental data).

Finding altered expression of genes of the TGFβ pathway was somewhat surprising. While 

examples of ERK1/2 and TGFβ pathway cross-talk have been documented [59–61], there 

has been no direct evidence that ERK1/2 signals control expression of SMAD6 and 

SMAD7. Given the diverse molecular functions of the differentially expressed genes, some 

of the observed changes in gene expression may be due, at least in part, to the 

compensatory/indirect response of the signaling network or even alterations in mRNA 

stability. Nevertheless, our findings emphasize the significance of Shoc2 in controlling 

ERK1/2 signaling and open numerous questions that need to be addressed in future studies. 

Further studies are also needed to address whether Shoc2-ERK1/2 signals are involved in 

phosphorylation of genes in the immediate response and changes in the earlier waves of 

transcription. Our analysis, therefore, revealed an unanticipated complexity of kinase/

scaffold-mediated regulation of the signaling pathway and uncovered a new link between 

EGFR signaling and transcription.

One important point worth mentioning is that loss of Shoc2 results in a dramatic decrease in 

expression of the protein of extracellular matrix, LGALS3BP. We found that the 

deficiencies in the attachment of cells depleted of Shoc2 are, to a large extent, due to 

aberrant expression and secretion of LGALS3BP (Fig. 5), and that ectopic expression of 

LGALS3BP rescues these deficiencies (Fig. 6). These results are in line with the notion that 

LGALS3BP induces clustering of integrins and recruitment of actin is needed for initiation 

of cell motility [49, 62]. Interestingly, ectopic expression of LGALS3BP rescued its 

secretion, but had no effect on the ERK1/2 phosphorylation in cells depleted of Shoc2 (Fig. 

6), indicating that traditional “outsidein” activation of the ERK1/2 pathway was not affected 

by the transient expression of LGALS3BP. This result is also consistent with our 

observations of Shoc2 silencing having no effect on activity of FAK as well (not shown). 

Considering earlier reports of adhesion blockage as a result of the inhibited interaction of 

LGALS3BP-integrin β1 [49], it is possible that changes in cell attachment observed in our 

study are due to alterations in the integrin β1-LGALS3BPcollagen link. Further studies will 

decipher the molecular mechanism of this connection. Based on the currently available 

information, we propose the following model (Fig. 7). EGF-induced phosphorylation of the 
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ERK1/2 pathway undergoes the check-point at the level of the Shoc2 scaffold. ERK1/2 then 

phosphorylates transcription factor that activates expression of LGALS3BP. It is also 

conceivable that ERK1/2 signals may be directed to inactivate a transcription repressor or 

intermediate co-transcriptional activator. Finding the factor controlling the expression of 

LGALS3BP mRNA would be the next logical step following the current study. Of note, the 

core promoter region of LGALS3BP was identified, and transcription factors AP1, AP2 and 

progesterone receptor were suggested to bind to the core promoter of LGALS3BP [63–65]. 

Our RNA-seq analyses, however, have not yielded changes in the expression of the 

transcription factors mentioned in these studies. Further functional analysis is needed to 

infer a plausible candidate. Additional research would also be necessary to address roles of 

other identified targets in controlling the Shoc2/ERK1/2-mediated cell motility. How 

various proteins identified in our RNA-seq screen are connected is yet to be defined and 

need to be studied.

Elevated levels of LGALS3BP are found in many solid human cancers including breast, 

lung, prostatic, melanoma and colon cancers [52, 66–68]. These elevated levels are 

associated with poor prognosis or advanced stages of disease [53]. LGALS3BP has also 

been reported to have a proangiogenic effect in human breast cancers [51, 62]. Future 

studies, with respect to the Shoc2-ERK1/2 role in controlling expression and secretion of 

LGALS3BP, would be important for understanding the biology of solid tumors that present 

with increased levels of LGALS3BP. Such studies will lead to a better understanding of the 

pathology as well as to new possibilities for therapeutic interventions for aggressive cancers. 

It may also have implications for other type of cancers for which LGALS3BP is a prognostic 

marker [69, 70].

In this study we demonstrate that Shoc2 transduces signals specific to cellular programs 

including motility and attachment. Although scaffolds of the ERK1/2 pathway (i.e. 

calmodulin regulated actin binding protein with a GAP-like domain, IQGAP and mp1/p14 

complex) have been suggested to regulate cell motility, their contributions to the process are 

distinct. IQGAP facilitates retention of Cdc42 and Rac in their GTP-bound states and cross-

link the actin filament system with microtubules [15, 71]. Mp1/p14 was reported to be 

essential for focal adhesion dynamics [13]. Our work identifies that Shoc2 scaffold controls 

cell motility, in part, via regulating expression of the extracellular matrix protein, strongly 

supporting the model that scaffold proteins can function as gatekeepers of the multi-potent 

ERK1/2 signaling on the levels of the late transcriptional response.

In conclusion, these studies are the first report to identify LGALS3BP as a novel target of 

ERK1/2 signaling pathway and provide novel insights into the function of the scaffold 

protein Shoc2. Our data is also further supports the notion that scaffolds monitor the 

specificity of the cellular outcomes as well as the notion that ERK1/2 activity via separate 

scaffolding modules controls non-overlapping cellular responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ERK1/2 extracellular signal-regulated kinase 1 and 2
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Endo H Endoglycosidase H

PP1c protein phosphatase 1c

qPCR real-time quantitative polymerase chain reaction
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Highlights

• Depletion of the Shoc2 scaffold attenuates cell motility and adhesion

• Shoc2-mediated ERK1/2 signals control expression of multiple proteins, 

including LGALS3BP

• Ectopic expression of LGALS3BP rescues adhesion deficiency of the Shoc2-

depleted cells.
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Figure 1. Shoc2 knockdown affects cell motility
(A, B) Wound healing assay was performed using Cos1 (A) and T47D (B) cells stably 

expressing Shoc2 shRNA (LV1), non-targeting shRNA (NT) or expressing Shoc2 shRNA 

and Shoc2-tRFP (Cos-SR). The white frames indicate the width of the wound at time 0; red 

frames show the width of the wound 36/48h post EGF treatment.

(C) Data from independent experiments in A and B were analyzed using a Tukey Test 

(mean ± SD, n = 3, * p<0.001). Bars represent the change in average wound closure rates at 

36/48h. The closure was calculated by measuring the average width in open area, and 

normalized to control cells.

(D, E) Transwell migration assay was performed in Cos1 (D) and T47D (E) cells stably 

expressing Shoc2 shRNA (LV1), non-targeting shRNA (NT) and Shoc2-tRFP (SR). Cells in 

multiple independent fields for each well were counted and three independent experiments 

were analyzed. Data are shown as mean ± SD; a vs. b, c vs. d, p<0.05.

(F, H) 5×104 cells of Cos1 (F) and T47D (H) cells were seeded on collagen pre-coated 96-

well plates for 10 min. Images of cells fixed and stained with crystal violet were obtained 

using a Nikon Eclipse E600 microscope.

(G, I) Cells from the experiments in F and H were solubilized with 2% SDS and subjected 

to colorimetric absorbance measurement (OD550). Data from three independent 

experiments was analyzed. Bars represent mean values ± SD, n = 3; a vs. b, p<0.05.
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Figure 2. Depletion of KSR1 does not affect cell attachment
(A, B) Total RNA was extracted from cells depleted of Shoc2 (LV1) or KSR1 (KSR#1 and 

KSR#2) and quantitative RT-PCR was performed using Shoc2 and KSR1-specific primers. 

Data are presented as the fold change of KSR1 (A) or Shoc2 (B) mRNA levels normalized 

to control (NT) (mean ± SD, n = 2; a vs. b, p<0.05).

(C) Cells were serum-starved for 18h and stimulated with 0.2 ng/mL EGF for 7 min. 

Expression of the indicated proteins was analyzed using specific antibodies. Representative 

blots are shown from multiple experiments.

(D) Equal numbers of cells constitutively expressing either KSR1 shRNA (open circle) or 

nontargeting shRNA (solid circle) were plated into a 96-well plate. The viability of cells was 

measured using a CellTiter 96 AQueous One solution cell proliferation assay. The mean 

number ± SD from triplicate experiments is shown.

(E) Cells were seeded on a collagen pre-coated 96-well plate for 10 min. Images of cells 

fixed and stained with crystal violet were obtained using a Nikon Eclipse E600 microscope.
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(F) Cells from the experiments in E were solubilized with 2% SDS and subjected to the 

colorimetric absorbance measurement (OD550). Data from three independent experiments 

was analyzed and bars represent the mean values ± SD, n = 3; a vs. b, P < 0.05.
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Figure 3. Validation of the RNA-seq approach using RT-PCR
(A) Differential gene expression between control sample (NT) and samples depleted of 

Shoc2 (LV1). The differential expression (log2fold change for LV1 samples compared to 

NT) is plotted against the log count per million for each gene. Each point represents a single 

ID of the reference transcriptome. Of 853 differentially expressed genes, 317 were 

upregulated (solid circle) and 536 were downregulated (open circle) (Fold change > 1.5, 

FDR <0.05).

(B) Fourteen differentially expressed genes were arbitrary selected from a range of 

upregulated and downregulated genes. Levels of expression were quantified by RT-PCR and 

the results were compared to those obtained by the RNA-seq approach. The log2fold change 

in gene expression of RT-PCR and RNA-seq approach were closely correlated (R2 = 0.85), 

indicating the accuracy of the RNA-seq analysis (C).
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Figure 4. Biological processes associated with loss of Shoc2 in cells
The top protein classes (A) and biological processes (B) of 853 differentially expressed 

genes (fold change >1.5, FDR <0.05) analyzed with PANTHER pathway analysis.

(C) Differentially expressed genes were analyzed by Ingenuity Pathway Analysis. The 

molecular and cellular functions identified by the analysis are presented.

(D) In-depth Ingenuity Pathway Analysis of differentially expressed genes revealed changes 

in regulators of the BMP/TGFβ pathway (red, upregulated expression; green, 

downregulated; gray, no-changed; white, not listed in A–C).
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Figure 5. Shoc2 silencing results in reduced expression and secretion of LGALS3BP
(A) The expression levels of LGALS3BP were quantified in Cos1, T47D and MCF7 cells 

depleted of Shoc2 using RT-PCR analysis and results were compared to those obtained by 

the RNA-seq approach. Data are presented as the log2fold change of the Shoc2 mRNA 

levels in Shoc2-depleted cells normalized to control (NT) (mean ± SD; n = 3).

(B) Cos1, T47D, and MCF7 cells depleted of Shoc2 (LV1) and control cells (NT) were 

harvested for immunoblotting. The expression of LGALS3BP in culture medium and cell 

lysate was analyzed using specific antibodies. Other indicated proteins were analyzed using 

specific antibodies.

(C) Cos-NT and Cos-LV1 cells were transiently transfected with His-LGALS3BP. At 48h 

post-transfection, His-LGALS3BP was immunoprecipitated using anti-His antibodies and 

then digested by Endoglycosidase H or Peptide -N-Glycosidase F (Endo H or PNGase F). 

Immunoprecipitates were analyzed by immunoblotting using anti-LGALS3BP antibody.
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(D) Cos1 cells depleted of KSR1 (KSR1#2) and control cells (NT and LV1) were harvested 

for immunoblotting. LGALS3BP in culture medium was analyzed using specific anti-

LGALS3BP antibodies.
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Figure 6. LGALS3BP rescues attachment of cells depleted of Shoc2
(A, B) Cos1 (A) and T47D (B) cells (5×104 cells) depleted of Shoc2 (LV1) were seeded on 

collagen pre-coated 96-well for 10 min. LV1+NT-CM samples were seeded in presence of 

cultured media from the control cells. LV1+LGALS3BP cells were transiently transfected 

with His-LGALS3BP 48h prior to seeding. Images of cells fixed and stained with crystal 

violet were obtained using Nikon Eclipse E600 microscope.

(C, D) Cells from the experiments in A and B were then solubilized with 2% SDS and 

subjected to the colorimetric absorbance measurement (OD550). Data from three 

Jeoung et al. Page 26

Cell Signal. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent experiments exemplified in A and B was analyzed (bars represent mean values 

± SD; n = 3; a vs. b; c vs. d, p<0.05).

(E) Cos-NT and Cos-LV1 were transiently transfected with His-LGALS3BP. At 48h post-

transfection, expression of the indicated proteins in the lysate and secretion media was 

analyzed using specific antibodies.

(F) Cos-NT and Cos-LV1 cells were treated with UO126 (10 uM) or DMSO for 24h at 

37°C. The expression of indicated proteins in the lysate and secretion media was analyzed 

using specific antibodies. The data are representative of three independent experiments.

(G) Cells were transiently transfected with His-LGALS3BP. At 48h post-transfection, the 

cells were serum starved for 18h and stimulated with EGF (0.2 ng/ml) for 7 or 15 min. 

Expression of the indicated proteins was analyzed using specific antibodies.
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Figure 7. 
Schematic model recapitulating the role Shoc2 plays in controlling ERK1/2 activity. Shoc2 

routes signals of the ERK1/2 pathway activated by EGFR for transcription of late response 

genes. Loss of Shoc2-mediated ERK1/2 signals affects crosstalk with other signaling 

pathways and transcription of various substrates, including LGALS3BP.

Jeoung et al. Page 28

Cell Signal. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


