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Abstract

Background

Molecular alterations of the MAPK pathway are frequently observed in papillary thyroid car-

cinomas (PTCs). It leads to a constitutive activation of the signalling pathway through an

increase in MEK and ERK phosphorylation. ERK is negatively feedback-regulated by Dual

Specificity Phosphatases (DUSPs), especially two ERK-specific DUSPs, DUSP5 (nuclear)

and DUSP6 (cytosolic). These negative MAPK regulators may play a role in thyroid

carcinogenesis.

Methods

MAPK pathway activation was analyzed in 11 human thyroid cancer cell lines. Both phos-

phatases were studied in three PCCL3 rat thyroid cell lines that express doxycycline induc-

ible PTC oncogenes (RET/PTC3, H-RASV12 or BRAFV600E). Expression levels of DUSP5

and DUSP6 were quantified in 39 human PTCs. The functional role of DUSP5 and DUSP6

was investigated through their silencing in two human BRAFV600E carcinoma cell lines.

Results

BRAFV600E human thyroid cancer cell lines expressed higher phospho-MEK levels but not

higher phospho-ERK levels. DUSP5 and DUSP6 are specifically induced by the MEK-ERK

pathway in the three PTC oncogenes inducible thyroid cell lines. This negative feedback

loop explains the tight regulation of p-ERK levels. DUSP5 and DUSP6 mRNA are overex-

pressed in human PTCs, especially in BRAFV600E mutated PTCs. DUSP5 and/or DUSP6

siRNA inactivation did not affect proliferation in two BRAFV600E mutated cell lines, which
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may be explained by a compensatory increase in other phosphatases. In the light of this, we

observed a marked DUSP6 upregulation upon DUSP5 inactivation. Despite this, DUSP5

and DUSP6 positively control cell migration and invasion.

Conclusions

Our results are in favor of a stronger activation of the MAPK pathway in BRAFV600E PTCs.

DUSP5 and DUSP6 have pro-tumorigenic properties in two BRAFV600E PTC cell line

models.

Introduction

In papillary thyroid carcinoma (PTC), the most common thyroid malignancy, activating-

mutations of genes encoding effectors of the mitogen-activated protein kinase (MAPK) path-

way are central for malignant transformation. This pathway transduces mitogenic signals via

activation of receptor tyrosine kinases, leading to the successive recruitment and activation of

RAS and members of the RAF family of serine/threonine kinases. A cascade of phosphoryla-

tion is initiated, culminating in the activation by phosphorylation of MEK and consequently of

the extracellular signal-regulated kinases (ERK).

Rearrangements of the gene encoding the receptor tyrosine kinase RET and activating-

point mutations of RAS or BRAF are found in 70% of all cases of PTC and are mutually exclu-

sive. Mutation of BRAF, especially a valine to glutamic acid substitution at codon 600 (V600E)

termed the BRAFV600E mutation, is the most frequent genetic alteration, identified in 60% of

cases (range: 27%-87%) [1, 2]. PTCs with different mutations are recognized to have distinct

histopathologic appearance and biologic properties. Most studies in PTCs suggest that BRAF
activating mutation is closely associated with extrathyroidal extension, lymph node metastasis,

advanced tumor stages, disease recurrence, and even patient mortality [2]. The molecular

mechanisms underlying the association of BRAF mutation with worse prognosis compared to

PTC with no or other genetic alterations has so far only been partially elucidated. There is evi-

dence that the transcriptional output of the MAPK pathway is greatest in BRAFV600E mutant

tumors, because this oncoprotein signals as a monomer and is therefore unresponsive to feed-

back inhibition on RAF dimers [3].

Levels of ERK phosphorylation (p-ERK) are dictated by the coordinated activities of protein

kinases and phosphatases. Identical p-ERK immunostaining levels described in human PTC

regardless of the genetic alteration [4, 5] could be explained by negative feedback control

implementing at the p-ERK level. Thus, we sought to study two dual-specificity (Thr/Tyr)

MAPK phosphatases (DUSPs), DUSP5 and DUSP6, which belong to this large family known

to act as central feedback regulators attenuating MAPK signaling. Both phosphatases are

induced by ERK signaling and specifically inactivate ERK by dephosphorylation [6–8]. DUSP5

localizes in the nucleus [9] while DUSP6 is in the cytoplasm [10]. Complex post-translational

regulation of both phosphatases allows p-ERK steady state levels to be tightly regulated. Accu-

mulation of DUSP5 and DUSP6 protein is regulated by rapid proteasomal degradation [6, 11].

Accordingly, increasing levels of p-ERK will induce DUSP5 and DUSP6 expression, which in

turn will be rapidly degraded.

DUSP6 is a candidate tumor suppressor gene, especially in pancreatic cancers, which have a

high prevalence of KRAS mutations [8]. In PTCs, data from transcriptional expression profile

studies suggest that DUSP5 and DUSP6 are overexpressed [1, 12]. DUSP6 may have a pro-
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tumorigenic role in thyroid carcinogenesis, as recent data demonstrated that DUSP6 silencing

reduced the neoplastic properties of human thyroid carcinoma cell lines with different genetic

background (RET/PTC1 and BRAFV600E) [13]. Although DUSP5 is the lead candidate to serve

as the critical site for mitogenic signal termination and sequestration of ERK away from MEK,

its cytoplasmic activator, published data on its role in carcinogenesis are scarce [8]. The func-

tional and clinical significance of DUSP5 mediated regulation of ERK signaling in PTCs has

not been investigated.

We hypothesized that DUSP5 and DUSP6 may be biomarkers of the MAPK output in

PTCs, in the context of a negative feedback loop. Alternatively, they could act as tumor sup-

pressor genes. For that purpose, we studied the MAPK pathway activation, the expression and

regulation of DUSP5 and DUSP6, and the consequences of their inactivation in thyroid cancer

cell lines. We found out that DUSP5 and DUSP6 are overexpressed in human thyroid carcino-

mas and are surrogate markers of MAPK pathway activation. Silencing of DUSP5 or DUSP6,

or both phosphatases in thyroid cell lines does not affect proliferation, possibly explained by

compensation between phosphatases of the DUSP family. Finally, DUSP5 and DUSP6 silenc-

ing reduced the cell migration and invasion capacities of two BRAFV600E thyroid cancer cell

lines, thus suggesting a pro-tumorigenic role of these phosphatases in PTC.

Materials and methods

Cell lines

PCCL3 RET/PTC3, HRASV12 and BRAFV600E are three cells lines derived from the well differ-

entiated, non-transformed rat thyroid cell line PCCL3 that conditionally express one of the

three known thyroid oncogenes (RET/PTC3, HRASV12 or BRAFV600E), in a doxycycline-

dependent manner [14–16]. These cell lines were propagated in H4 complete medium, as pre-

viously described [14].

We used a panel of 11 human thyroid cancer cell lines. The 8505c (DSMZ number: ACC

219) and B-CPAP (DSMZ number: ACC 273) cell lines were purchased from the German Col-

lection of Microorganisms and Cell Culture. This cell bank genetically fingerprinted these last

two cell lines by multiplex PCR of minisatellite markers that revealed a unique DNA profile.

All other cell lines were provided by J. A. Fagin (Memorial Sloan-Kettering Cancer Center,

New York, USA) in 2010 and used with permission from: N.-E. Heldin (University Hospital,

Uppsala, Sweden): HTh74 [17], C643 [18], SW1736 [19]; N. Onoda (Osaka University of Med-

icine, Osaka, Japan): TTA-1 [20] and ACT-1 [21]; S.M. Jhiang (Department of Physiology and

Cell Biology, the Ohio State, USA): TPC-1 [22]; M. Santoro (Department of Biology and Cellu-

lar and Molecular Pathology, Institute of Endocrinology and Experimental Oncology National

Research Council, Naples, Italy): Cal62 [23, 24]; J. Kurebayashi (Departments of Breast and

Thyroid Surgery, Kawasaki Medical School, Kurashiki, Okayama, Japan): KTC1 [25]; and G.

Andrew (Rudbeck Laboratory, Uppsala University, Uppsala, Sweden): Hth104 [26]. C643 and

Cal-62 have been DNA profiled in 2010 [24] by short tandem repeat (STR) analysis and shown

to be unique and identical to those reported by Schweppe et al. [27]. Other cell lines were

genetically fingerprinted by either single nucleotide polymorphism comparative genomic

hybridization or polymorphic short tandem repeat and verified to be unique in 2008 [27]. All

cell lines were passaged in our laboratory for fewer than 3 months after resuscitation and were

cultured according to the manufacturer’s recommendations.

Human thyroid samples

Formalin fixed paraffin-embedded (FFPE) PTC and adjacent normal thyroid specimens were

obtained from the Departments of Pathology at the Cochin and Ambroise-Paré University
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Hospitals in Paris, France. Informed signed consent for genetic diagnosis, tumor analysis, and

for access to the data collected was obtained from all the patients. Total RNA was extracted

from a 10-μm section of the FFPE tumor tissue using TRIzol Reagent (Life technologies, Carls-

bad, CA, USA) according to the manufacturer’s protocol and 1μg was reverse transcribed to

generate cDNA using High-Capacity1 cDNA Reverse Transcription Kit (Applied Biosystems,

Foster City, CA, USA).

Exon 14 and 15 of the BRAF gene and exon 1 and 2 of the HRAS, NRAS, and KRAS genes

were amplified. Direct sequencing of the purified fragments was then performed using the

Genetic Sequencer ABI3100 Applied Biosystems apparatus. Sequence comparisons were car-

ried out using the Chromas Program.

For RET/PTC rearrangements, unbalanced expression of exons 12 and 13 relative to exons

10 and 11 of RET were searched, by quantitative real-time PCR (qPCR) using LightCycler1

480 Real-Time PCR System (Roche Applied Sciences, Indianapolis, USA) as already described

[28]. Then, the presence of RET/PTC1, RET/PTC2 or RET/PTC3 rearrangement was assessed

using nested PCR with appropriate primers.

Relative expression of DUSP5 and DUSP6 was calculated for all tumors using the ΔΔCt

method and GAPDH as an internal control.

Reagents

The MEK inhibitor, UO126 (Cell Signaling Technology, Danvers, USA) and selumetinib

AZD6244 (Selleck Chemicals) and the PI3K inhibitor, LY294002 (Euromedex, Mundolsheim,

France) were used with the indicated concentration.

Western blotting

Cells were lysed in a buffer containing 20 mmol/L Tris-HCl (pH 7.5), 1mmol/L EDTA, NaCl

150 mM, NP40 1%) phosphatase (PhosSTOP™, Roche) and protease inhibitor cocktails (cOm-

plete™, Mini Protease Inhibitor Cocktail, Roche). Proteins were quantified using the Bradford

protein assay and separated by SDS-polyacrilamide gel (10%), then transferred onto nitrocellu-

lose membrane.

The following primary antibodies were used: mouse monoclonal anti-BRAFV600E (catalog

#: 790–4855, Roche, Ventana Medical Systems, Inc., Tucson, Arizona, USA), mouse monoclo-

nal anti-p-ERK (catalog #: sc-7383; Santa Cruz Biotechnology, Inc., Santa Cruz, USA), rabbit

polyclonal anti-p-MEK 1/2 (catalog #: 9121, Cell Signaling Technology), rabbit polyclonal

anti-total-ERK (catalog #: 06–182, Cell Signaling Technology), rabbit polyclonal anti-total-

MEK1 (catalog #: sc-219; Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-total-MEK2

(catalog #: 9125, Cell Signaling Technology), mouse monoclonal anti-DUSP6 (catalog #:

H00001848-M01, Abnova, Taipei, Taiwan) and rabbit polyclonal anti-GAPDH (catalog #: sc-

25778, Santa Cruz Biotechnology, Inc.). Primary antibody against DUSP5 was provided by Ste-

phen Keyse [9]: it is a polyclonal antibody raised in sheep against the full-length recombinant

protein expressed in E. coli. This antibody was validated with positive and negative controls,

derived from wild type and DUSP5-/- mice. The antigen-antibody complexes were visualized

using secondary horseradish peroxidase-conjugated anti-mouse (Santa Cruz Biotechnology,

Inc.) and anti-rabbit (Cell Signaling Technology) antibodies and enhanced chemilumines-

cence system. Staining intensity was quantified using the Image J software.

RNA extraction, reverse transcription and qPCR

Total RNA (500 ng to 1μg) extracted from PCCL3 cells and human cell lines by RNeasy Mini

Kit (QIAGEN Inc., Austin, Texas) was reverse transcribed to generate cDNA using High-
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Capacity1 cDNA Reverse Transcription Kit (Applied Biosystems). LightCycler1 480 Real-

Time PCR System (Roche) was used for qPCR. The following primer pairs were used: DUSP5

(5’-GCCCGC GGG TCT ACT TCC TCA AA-3’ and 5’-ATT TCA ACT GGG CCA CCC TGG-
3’), DUSP6 (5’- TCC CTG AGG CCA TTT CTT TCA TAG ATG-3’ and 5’-GCAGCT GAC
CCA TGA AGT TGA AGT-3’), GAPDH (5’- GCC ACA TCG CTC AGA CAC CA -3’ and 5’-
TTC CCG TTC TCA GCC TTG AC -3’) and cyclophilin (5’- ATGGCACTGGTGGCAAGTCC-
3’ and 5’-TTGCCATTCCTGGACCCAAA-3’). Relative expression of DUSP5 and DUSP6 was

calculated using the ΔΔCt method and the cyclophilin or GAPDH as an internal control.

Small interfering RNA transfection

For small interfering RNA (siRNA) experiments, siRNA for human DUSP5 (siDUSP5 (1): 5’-
GGCCTTCGATTACATCAAG-3’, siDUSP5 (2): 5’-GAGAAGATTGAGAGTGAGA- 3’,

siDUSP5 (3); 5’- GGAAGUGCCUACCAUGCAU-3’) for human DUSP6 (siDUSP6 (1): 5’-
GAACTGTGGTGTCTTGGTA-3’siDUSP6 (2): 5’- GGAATTCGGCATCAAGTAC-3’), and a

control siRNA (5’- GGCATAGATGTAGCTGTAA- 3’) were purchased from Eurofins MWG

Operon. siRNAs were transfected at the concentration of 100 nmol/L with Lipofectamine Plus

(Invitrogen, Carlsbad, USA). After transfection, the suppression of targeted proteins was

determined by reverse transcription qPCR and Western blotting. Cell viability was determined

as described below.

Proliferation assay

Thiazolyl Blue Tetrazolium Bromide (MTT) (Sigma-Aldrich) was dissolved in PBS at 5 mg/ml

and filtered. Cells were seeded in 96-well plates and incubated at 37˚C. Stock MTT (5mg/ml)

solution (10 μ1 per 100μ1 medium) was added to all wells (10 wells per condition in each

experiment) of an assay. After 4 hours of additional incubation, 100 μl of 0.04 N HCI in isopro-

panol was added to each well. Plates were then read within 1 hour on an automatic enzyme

linked immunosorbent assay plate reader (Tecan Austria GmbH, Männedorf, Switzerland).

The optical density was calculated as the difference between the absorbance at a reference

wavelength (690 nm) and that at a test wavelength (570nm) corrected to the blanks. Within

each experiment, the means and the standard errors of the means were calculated.

Cell migration and invasion assay

Forty-eight hours after transfection with DUSP5 or DUSP6 siRNA, cells were suspended in

1% foetal calf serum (FCS) DMEM medium into the upper chamber of 24-well transwell

chambers (Costar, Corning, Inc., Corning, NY, USA). Previously DMEM medium containing

10% FCS were added to the lower chambers. For the invasion assay, the transwell membranes

were coated with Growth Factor Reduced Matrigel (12.5 μg in 60 ml/well) (BD Biosciences)

and dried for 1 h. Cells were transferred onto the artificial basement membrane.

After overnight incubation at 37˚C, cells that invaded the Matrigel layer and/or migrated to

the lower chamber were fixed in methanol, stained with Giemsa and counted under an

inverted microscope. Assays were performed in triplicate, cells were either counted in adjacent

fields (n = 9) and data were reported as average cell number per field or with an Image J soft-

ware macro and data were reported as arbitrary density unit.

Anchorage-independent growth assay

The anchorage-independent growth was analyzed through a soft agar colony formation assay.

Twenty four hours after transfection with siRNA, cells (25.103 8505C cells or 30.103 BCPAP
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cells) were seeded on 6-well plates in 0.3% agar in culture medium over a base layer of 0.7%

agar, Colonies were microscopically counted after 3 weeks of culture.

Statistical analysis

Wilcoxon and paired t tests were used to compare DUSP5 and DUSP6 mRNA levels in human

PTC and normal adjacent thyroid tissues. Wilcoxon test was used to compare p-MEK/t-MEK,

p-ERK/t-ERK levels in BRAFV600E human PTC cell lines vs the other cell lines. Bioinformatic

analysis of The Cancer Genome Atlas (TCGA) [29] Reverse Phase Protein Lysate Microarray

(RPPA) were performed by Florent Dumont (Cochin Institute bioinformatics platform) and

Leanne De Koning (RPPA platform, Institut Curie, France). Bioinformatic analysis of TCGA

transcriptomic data was performed by Florent Dumont with the same previously published

methodology [29]. Unpaired t-tests were used to compared TCGA RPPA data, migration/

invasion and anchorage-independent growth assay data. Anova tests were used to compare

TCGA transcriptomic data.

Results

Higher MAPK pathway activation in BRAFV600E mutated thyroid cell lines

Activation of the MAPK signaling pathway leads to a kinase cascade culminating downstream

in the phosphorylation of ERK by MEK. We analyzed 11 human thyroid carcinoma cell lines

representing the known MAPK pathway molecular alterations in PTCs. Among them, 5 were

BRAFV600E mutated cell lines, as confirmed by Western Blot with a sensitive and specific anti-

BRAFV600E antibody (Fig 1). All cell lines displayed detectable p-ERK levels, which although

variable did not differ significantly (p = 0.1) between BRAF wild-type and BRAFV600E mutated

cell lines (Fig 1). In contrast, p-MEK/total-MEK ratios (Fig 1) were markedly elevated in

BRAFV600E mutated cell lines in comparison with others (p = 0.007), suggesting a higher

MAPK pathway activation by BRAFV600E. The same results were obtained with serum-starved

(i.e. 0.5% FBS) cells (S1 Fig).

We did not find a significant correlation between MAPK activation i.e. phospho-MEK lev-

els and DUSPs expression at the mRNA and protein levels in our 11 human thyroid cancer cell

lines (S2 Fig). However it is difficult to draw any conclusion given the insufficient number of

RAS, RET/PTC and “unknown” cell lines in comparison with the five BRAFV600E mutated cell

lines.

Since p-ERK levels tend to be the same regardless of the genetic alteration, we assumed that

the steady state of p-ERK levels would be maintained by high levels of feedback inhibitors that

dephosphorylate ERK and allow tight regulation of p-ERK levels. Accordingly, we studied the

regulation of DUSP5 and DUSP6, known to specifically dephosphorylate and inactivate ERK.

Induction of DUSP5 and DUSP6 expression in doxycycline-inducible

PCCL3 cell lines and differential MAPK pathway activation according to

the genetic alterations

MAPK pathway-dependent regulation of these phosphatases was analyzed in three rat PCCL3

thyroid cell lines that conditionally express one of the three following known thyroid onco-

genes (RET/PTC3, HRASV12 or BRAFV600E), in a doxycycline-dependent manner. We first

demonstrated that a strong induction of oncogenic RET/PTC3, HRASV12 or BRAFV600E was

correlated with a marked increase in DUSP5 and DUSP6 mRNA levels compared to baseline

during a 72 hours kinetic of doxycycline treatment (Fig 2a).
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In parallel with doxycycline-inducible expression of oncogenic RET/PTC3, HRASV12 or

BRAFV600E, p-ERK levels increased compared to baseline, though slightly, remain relatively

constant and did not differ significantly between the three cell lines during the 72 hours kinetic

(Fig 2a and 2b). However, levels of p-MEK were strongly elevated in PCCL3 cells with

BRAFV600E and HRASV12 compared with those with RET/PTC3 rearrangement (Fig 2a and

2b). These results suggest differential MAPK pathway activation according to the type of onco-

gene. The levels of p-MEK seem to be better correlated with enhanced activation of the MAPK

pathway than p-ERK levels. In parallel, we demonstrated that doxycycline itself had no effect

on ERK phosphorylation in non-transformed PCCL3 cells (S3 Fig).

Fig 1. High phosphorylated MEK levels in human thyroid carcinoma cell lines harboring the

BRAFV600E mutation. Eleven human thyroid cancer-derived cell lines were grown in 10% FBS medium and

studied for MEK and ERK activation: two cell lines without known MAPK pathway genetic alteration, one with

a RET/PTC rearrangement, two with a RAS activating point mutation, and five with the BRAFV600E mutation.

Protein expression levels were assayed by immunoblot for the BRAFV600E mutation, phosphorylated MEK (p-

MEK), total MEK1 (t-MEK1), phosphorylated ERK (p-ERK), total ERK (t-ERK) and GAPDH. Graphs represent

subsequent quantification of p-MEK/t-MEK1 and p-ERK/t-ERK ratios. The black star on the upper graph

indicates that the quantification of p-MEK/t-MEK1 was not done in the Hth74 cell line due to the loss of t-MEK1

expression. However, MEK2 expression was secondary assessed and is preserved explaining the p-MEK

band (data not shown).

https://doi.org/10.1371/journal.pone.0184861.g001
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Fig 2. Induction of DUSP5 and DUSP6 expression by the MAPK pathway in PCCL3 cell lines. (a) Real-time Reverse-Transcription

qPCR showing the expression levels of DUSP5 and DUSP6 mRNA in three PCCL3 cell lines harboring either RET/PTC3 or HRASV12 or

BRAFV600E. Oncogene expression was induced by doxycycline treatment (1μg/ml) for 72 hours. Results are normalized to cyclophilin mRNA

levels. Basal DUSP5 and DUSP6 mRNA levels were arbitrary set at 1. Lysates of the three PCCL3 cell lines were subjected to

immunoblotting with the indicated antibodies. (b) Graphs represent subsequent quantification of p-MEK and p-ERK levels of the

aforementioned western blot. (c) The three PCCL3 cell lines were treated for the indicated times with doxycycline alone or in combination

with the MEK inhibitor UO126 (20μM) and/or the PI3K inhibitor LY294002 (10μM). DUSP5 and DUSP6 mRNA were then analyzed using

real time Reverse-Transcription qPCR and normalized to cyclophilin mRNA levels. DUSP5 and DUSP6 mRNA levels before doxycycline

treatment were arbitrary set at 1. Lysates of the three PCCL3 cell lines were subjected to immunoblotting with the indicated antibodies.

https://doi.org/10.1371/journal.pone.0184861.g002
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Regulation of DUSP5 and DUSP6 mRNA by the MAPK pathway in

PCCL3 cell lines

Using specific inhibitors, namely UO126 (MEK inhibitor) and LY294002 (PI3K inhibitor),

we tested the involvement of the ERK1/2 and PI3K/Akt pathways respectively, in the up-reg-

ulation of DUSP5 and DUSP6 mRNA in the three PCCL3 cell lines. Once again, we observed

after doxycycline-inducible expression of RET/PTC3, HRASV12 or BRAFV600E, a marked and

rapid increase of DUSP5 and DUSP6 mRNA in parallel to ERK activation (Fig 2c). DUSP5
and DUSP6 induction was blocked by MEK inhibition, resulting in a decrease in ERK phos-

phorylation (Fig 2c). On the other hand, PI3K inhibition could not prevent the DUSPs up-

regulation. Furthermore, after UO126 treatment, MEK phosphorylation was increased in

RET/PTC3 and HRASV12 cell lines suggesting a relief of ERK feedback inhibition upstream

of MEK (Fig 2c). This was not observed in the BRAFV600E PCCL3 cell line. These data argue

that BRAFV600E mutated cells are insensitive to relief of ERK dependent upstream negative

feedback. Similarly, in BRAF wild-type human PTC cell lines MEK phosphorylation was

clearly increased after MEK inhibition (i.e. treatment with AZD6244) (S4 Fig). On the oppo-

site steady-state levels of pMEK were elevated in BRAF-mutated cells in comparison with

BRAF-wild type cells and MEK inhibition does not further induce p-MEK levels in

BRAFV600E cells (S4 Fig).

Furthermore we confirmed in our five BRAF-mutated human thyroid carcinoma cell lines

that DUSP5 and DUSP6 induction was blocked by MEK inhibition, using a highly potent and

selective MEK inhibitor namely AZD6244 [30] (Fig 3).

DUSP5 and DUSP6 are overexpressed in papillary thyroid carcinomas

(PTCs), especially in BRAF mutated tumors

We showed in the PCCL3 cell lines that the MAPK pathway drives the expression of DUSP5
and DUSP6. We hypothesized that DUSP5 and DUSP6 mRNA levels might be a marker for

MAPK pathway activation, with differences according to the genetic alteration present in

the carcinoma. To test this hypothesis, DUSPs expression were quantified by qPCR in a

total of 39 human PTCs, characterized for known MAPK pathway genetic alterations

(twenty BRAF mutated, four RAS mutated, five RET/PTC rearranged PTCs (two RET/PTC1,

two RET/PTC3 and one with an undetermined RET/PTC rearrangement) and ten PTCs

with no identified genetic alteration) and their normal adjacent thyroid tissue. DUSPs
mRNA levels were found overexpressed in PTCs compared to normal adjacent thyroid tis-

sue, with an average ratio of 1.43 for DUSP5 (p = 0.001) and 2.26 for DUSP6 (p = 0.001).

DUSP5 and DUSP6 mRNA are statistically overexpressed (p = 0.007 and 0.01 respectively)

in BRAF-mutated tumors in comparison with all tumors harboring either RET/PTC rear-

rangement or RAS mutation or none of these genetic alterations (Fig 4). To go further in the

comparison between DUSP5 and DUSP6 mRNA levels according to the BRAF status, we

analyzed TCGA transcriptomic data [29]. DUSP5 mRNA levels were 7.9 fold higher in

BRAF-mutated papillary thyroid carcinoma (PTC) than in normal adjacent tissue

(P = 6.3.10−58) and 1.5 fold higher in RAS-mutated PTC than in normal adjacent tissue

(P = 8.10−3). DUSP6 mRNA levels were 6.7 fold higher in BRAF-mutated PTC than in nor-

mal adjacent tissue (P = 3.3.10−87) and 2.2 fold higher in RAS-mutated PTC than in normal

adjacent tissue (P = 1.6.10−10).

To determine if DUSPs overexpression in BRAF mutated PTCs correlates with a MAPK

pathway overactivation, we performed a bioinformatic analysis of the recently published

Reverse Phase Protein Lysate Microarray (RPPA) data from TCGA[29]. We compared the p-

MEK/t-MEK and p-ERK/t-ERK ratios between wild-type and BRAF-mutated PTCs. A total of
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Fig 3. DUSP5 and DUSP6 are regulated by the MAPK pathway in BRAF-mutated human thyroid carcinoma cells.

The five BRAFV600E-mutated human thyroid carcinoma cell lines were treated for 1h and 6h with the MEK inhibitor

AZD6244 (selumetinib). DUSP5 and DUSP6 mRNA were then analyzed using real time Reverse-Transcription qPCR and

normalized to cyclophilin mRNA levels. Lysates of the five BRAFV600E-mutated human thyroid carcinoma cell lines were

subjected to immunoblotting with p-ERK and t-ERK antibodies following treatment of cells for 6h with AZD6244 to confirm

the decrease in pERK levels.

https://doi.org/10.1371/journal.pone.0184861.g003
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289 samples were analyzed with RPPA in TCGA publication [29]. In BRAF-mutated PTCs p-

MEK/t-MEK ratios were slightly higher (1.1 fold) but significantly different than in PTCs with

other genetic alteration; p-ERK/t-ERK ratios were statistically significantly lower than in PTCs

with other genetic alteration (Fig 5).

Fig 4. DUSP5 and DUSP6 are overexpressed in papillary thyroid carcinomas (PTCs), especially in

BRAFV600E mutated tumors. Real-time reverse transcription qPCR showing the expression levels of DUSP5

and DUSP6 in 39 human PTCs. Each dot represents the ratio between DUSP5 or DUSP6 mRNA levels in

tumoral to normal adjacent thyroid tissue (mRNA expression normalized for GAPDH mRNA levels).

https://doi.org/10.1371/journal.pone.0184861.g004
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Fig 5. p-MEK/t-MEK and p-ERK/t-ERK ratios in 289 papillary thyroid carcinomas from The Thyroid

Cancer Genome Atlas. Ratios were analyzed according to the presence or not of a BRAF mutation. Paired t-

tests were used to compare the ratios between the two groups.

https://doi.org/10.1371/journal.pone.0184861.g005
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Silencing of DUSP5 or DUSP6 or both phosphatases by siRNA does not

affect viability of human BRAFV600E papillary or anaplastic thyroid

carcinoma cell lines

DUSP6 and DUSP5 act as natural terminators of MAPK signal transduction. Therefore, a

tumor suppressive role could be hypothesized. Nevertheless, there are conflicting data in the

literature regarding the role of such phosphatases on tumor cell proliferation [8, 31–33]. We

investigated the proliferative effect of DUSP5 and DUSP6 silencing in two BRAFV600E mutated

human thyroid carcinoma cell lines (BCPAP and 8505c). Each siRNA effectively suppressed

the targeted gene at the mRNA and protein level, but did not result in significant inhibition of

cell viability (Figs 6 and 7), even five days after transfection (data not shown). Interestingly,

inhibition of DUSP5 in the 8505c cell line was associated with a compensatory increase in

DUSP6 mRNA and protein levels (Fig 6, left panel). This may explain the virtual lack of rise in

the p-ERK levels while DUSP5 is inhibited (Fig 6). Conversely, the inhibition of DUSP6 in the

8505c cell line was associated with a decrease in DUSP5 protein and a slight decrease in

mRNA levels after two days. Once again, p-ERK levels again were not modified.

In the BCPAP cell line, inhibition of one DUSP was accompanied with an increasing ten-

dency of the other at the mRNA level (Fig 7). To go further in testing a functional redundancy

among this large phosphatase family, we decided to silence both DUSPs simultaneously in the

8505c cell line, which was confirmed at the mRNA and protein levels (Fig 8). The silencing of

these two phosphatases did not either result in significant decrease in cell viability or increase

in p-ERK levels.

Silencing of DUSP5 or DUSP6 phosphatases by siRNA reduced the

neoplastic properties of BRAFV600E-thyroid carcinoma cell lines.

Forty-eight hours after transfection with DUSP5 or DUSP6 siRNA the ability of 8505c to

migrate into the lower chamber of a transwell or to invade the Matrigel Layer were signifi-

cantly decreased (Fig 9a and 9b, upper panel). A significant decrease in the migration and

invasion ability of BCPAP cells after DUSP5 silencing (Fig 9a and 9b, lower panel) was also

observed. To resolve the differences observed between the two DUSP5 siRNA, we used a third

DUSP5 siRNA and also observed a 50 to 90% reduction in the migration and invasion ability

of both cell lines (S5 Fig). There is a trend, albeit less significant, to a decrease in the migration

and invasion capacity of BCPAP cells after DUSP6 silencing (Fig 9a and 9b, lower panel). In

each case DUSP5 and DUSP6 silencing was confirmed at the mRNA level (Fig 9c). In BCPAP

and 8505c cells loss of DUSP5 and DUSP6 impaired the anchorage-independent cell growth in

soft agar 21 days after DUSP5 or DUSP6 inactivation albeit with no statistical significance for

DUSP6 siRNA in BCPAP cells (Fig 10a). A 80 to 90% reduction in the mRNA level of DUSP5

and DUSP6 was observed 3 days after transfection which remains at 60–70% at day 6 (Fig

10b).

Discussion

Constitutive activation of the RAS-RAF-MEK-ERK pathway is thought to be mandatory to

allow the growth of a PTC. BRAFV600E mutation is associated with aggressive histo-pronostic

features leading to disease recurrence, and even patient mortality in case of resistance to treat-

ment. The molecular mechanisms underlying this aggressiveness are incompletely understood

despite various hypotheses have been reported [2, 14].

In this paper, higher levels of p-MEK in human BRAFV600E thyroid carcinoma cell lines in

comparison with the others is in line with the conventional knowledge that the MAPK
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pathway is activated more robustly by the BRAFV600E oncogene [29]. These in vitro differences

in p-MEK levels in the cell lines were more difficult to observe with human thyroid tissue sam-

ples. Our analysis of TCGA proteomics data revealed that in BRAFV600E PTCs p-MEK/t-MEK

ratios were slightly higher (1.1 fold) than in BRAF wild-type PTCs, with the use of a highly sen-

sitive technique, i.e. Reverse Phase Protein Lysate Microarray. Previous immunohistochemis-

try (IHC) data in human PTCs did not show significant differences in the levels of p-MEK

Fig 6. Silencing of DUSP5 or DUSP6 does not affect viability of 8505c BRAFV600E cells. The 8505c cell line was transfected with the

indicated siRNA. Cell viability was determined using the MTT assay the day of transection and for the following 3 days. Results are

representative of at least three independent experiments. Gene knockdown was confirmed by reverse-transcription qPCR and Western

blotting. DUSP5 protein level in control 8505c cells at day one was considered present, albeit weakly. Cells transfected with control siRNA at

each time point were used as control. 8505c cells were also subjected to Western blotting using p-ERK, t-ERK and GAPDH antibodies.

https://doi.org/10.1371/journal.pone.0184861.g006
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between BRAF mutated and BRAF wild type PTCs, maybe reflecting the lack of sensitivity of

IHC-based detection techniques for very small differences [4, 34].

The increasing p-MEK levels in BRAFV600E PCCL3 cells during the kinetic confirmed the

concept that the pathway is insensitive to upstream feedback inhibition. The observation that

MEK kinase inhibition does not further induce p-MEK in BRAFV600E PCCL3 and human thy-

roid cancer cells further supports this concept. On the opposite, p-MEK levels remained low

during the kinetic in RET/PTC3 cells reflecting multiple negative feedback mechanisms

Fig 7. Silencing of DUSP5 or DUSP6 does not affect viability of BCPAP BRAFV600E cells. The BCPAP cell line was transfected with the

indicated siRNA. Cell viability was determined using the MTT assay the day of transection and for the following 3 days. Results are

representative of at least three independent experiments. Gene knockdown was confirmed by reverse-transcription qPCR and Western

blotting. Cells transfected with control siRNA at each time point were used as control. BCPAP cells were also subjected to Western blotting

using p-ERK, t-ERK and GAPDH antibodies.

https://doi.org/10.1371/journal.pone.0184861.g007
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upstream of MEK and accordingly, p-MEK levels were further induced after treatment with

the MEK kinase inhibitor as well as in BRAF wild-type human thyroid cancer cells (release of

negative feedback loop from ERK). Altogether, these results suggest that in vitro MEK phos-

phorylation but not ERK phosphorylation is a better marker of MAPK pathway output, as

already shown in melanoma [35]. Despite this apparent similarity between the two tumor

Fig 8. Simultaneous silencing of DUSP5 and DUSP6 does not affect viability of 8505c BRAFV600E cells.

Cells were transfected with the indicated siRNA. Cell viability was determined using the MTT assay the day of

transfection and for the following 3 days. Results are representative of at least three independent

experiments. Gene knockdown was confirmed by reverse-transcription qPCR and Western blotting. Cells

transfected with control siRNA at each time point were used as control.

https://doi.org/10.1371/journal.pone.0184861.g008
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models, lineage-specific differences in effect of MAPK inhibition warrant specific studies for

each model [36].

Increased MAPK pathway activation leads to an increased feedback inhibition at multiple

levels of the kinase cascade to prevent overactivation of signaling output. As p-ERK levels were

relatively constant from one human or rat thyroid cell lines to another, we sought to study

DUSP5 and DUSP6 which act respectively in the nucleus and the cytoplasm to dephosphory-

late ERK, to maintain its steady state levels.

Fig 9. Effects of DUSP5 or DUSP6 silencing on migration and invasion of BCPAP and 8505c cells. (a). Forty-eight hours after

transfection with the indicated siRNA migration and invasion were studied in the 8505c and BCPAP cell line. Assays were performed in

triplicate, cells were counted in adjacent fields (n = 9). Data were reported as average cell number per field, and statistically compared with

the control situation (unpaired t-test): *** P < 1. 104; ** P < 1.10−3; * P < 0.05. (b) The most representative picture of migration and invasion

for each siRNA is shown. (c). Gene knockdown was confirmed by reverse-transcription qPCR.

https://doi.org/10.1371/journal.pone.0184861.g009
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We confirmed using two MEK inhibitors (UO126 and AZD6244) that DUSP5 and DUSP6
expression is regulated by the MEK-ERK pathway but not the PI3K pathway in PCCL3 cells

and BRAF-mutated human PTC cell lines. DUSP5 and DUSP6 overexpression in PTCs has

been shown by gene expression profile studies [1, 12]. We confirmed here in a series of 39

human PTCs that DUSP5 and DUSP6 are overexpressed in PTCs compared to normal adjacent

thyroid tissue. BRAFV600E mutated PTCs expressed significantly higher levels of these phos-

phatases in comparison with other PTCs suggesting higher MAPK pathway activation, which

is consistent with the recently published TCGA data [29]. Therefore DUSP5 and DUSP6
expression are markers of elevated output of the MAPK pathway.

Fig 10. Effects of DUSP5 or DUSP6 silencing on the anchorage-independent growth of BCPAP and 8505c cells. (a). Twenty four

hours after transfection with the indicated siRNA the anchorage-independent growth of the 8505c and BCPAP cell lines were analyzed in a

soft agar assay. Colonies were counted microscopically at day 21. Values obtained by quantification of the colonies numbers are the mean

of two independent experiments, and were then statistically compared with the control situation (student test): *** P < 1. 104; * P < 0.05. (b)

Gene knockdown was confirmed by reverse-transcription qPCR at 3 and 6 days after siRNA transfection.

https://doi.org/10.1371/journal.pone.0184861.g010
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Immunohistochemistry-based technique detection demonstrated that DUSP6 levels are

increased in PTCs in comparison with benign thyroid neoplasms. Nevertheless, those levels

were not correlated with BRAFV600E mutation status [31]. The complex transcriptional, post-

transcriptional and post-translational regulation of DUSP5 and DUSP6 may explain that

reproducible correlation between MAPK pathway activation and DUSPs protein levels is hard

to predict. In fact, accumulation of DUSP5 and DUSP6 protein upon ERK activation [6, 7, 37–

40] is regulated by rapid proteasomal degradation [6, 7, 11, 40]. Moreover, ERK can phosphor-

ylate DUSP6 on two different serines and subsequently enhances its proteasomal degradation

[11]. As a consequence discrepancies between DUSP6 protein and mRNA levels have been fre-

quently observed [6, 7, 39], which make the system even more complex to analyze.

It could be hypothesized that both phosphatases play a crucial role in tumorigenesis

through the fine-tuning of magnitude and duration of ERK activation [41]. Absence of muta-

tion of DUSP5 and DUSP6 reported in thyroid cancers [1] as well as in melanomas [42] sup-

port the hypothesis that these phosphatases have no tumor suppressor role in this type of

carcinoma. We adopted RNA interference approach to evaluate the role of these phosphatases

in PTCs. Consequences of the silencing of both phosphatases have never been studied in

BRAF-mutated 8505c and BCPAP cell lines. We could not observe any effect on cell viability,

even after prolonged silencing. We also report here for the first time the consequences of

DUSP5 inactivation in human thyroid cancer cells. So far, the impact of DUSP5 inactivation

in tumorigenesis has only been studied in vitro in human gastric and uterine cervix cancer

cells and was responsible respectively for enhanced cell proliferation or massive apoptosis [32,

43]. In vivo, mice lacking DUSP5 show a greatly increased sensitivity to mutant Ras-driven

papilloma formation in a pharmacological model of induced skin carcinogenesis [33]. In this

model DUSP5 loss has no effect on (12-O-tetradecanoylphorbol-13-acetate) TPA-induced

skin proliferation. Concerning DUSP6, we found no effect of its silencing on cell viability

which is in apparent contradiction with previous report in BRAFV600E and RET/PTC human

thyroid cancer cell lines [13, 31]. However, the effect of these phosphatases on proliferation

appears to be cell-type dependent [8]. Complex and opposite effects of DUSP in tumorigenesis

have already been pointed out and reviewed recently by Caunt and Keyse [44]. While DUSP6

silencing with siRNA led to prompt (<72 hours) cell death through caspase activation in HeLa

cells [32], on the opposite, it does not cause apoptosis in human thyroid TPC1 cells harboring

RET/PTC1 rearrangement. We report here for the first time the positive role of DUSP5 on in
vitro cell migration and invasion in two BRAFV600E thyroid tumor cell lines, as indicated by

the decreased capacity of migration and invasion after DUSP5 invalidation in the 8505c and

BCPAP cell lines. We found that DUSP6 silencing clearly reduced the invasion and migration

ability of 8505c cells, in line with the results of Degl’Innocenti et al. who found reduced neo-

plastic properties of BRAFV600E NIM-1 thyroid carcinoma cells after DUSP6 silencing [13].

While we found no significant effect of DUSP6 silencing on invasion capacity of BCPAP cells,

contrary to Degl’innocenti et al. [13], we found reduced migration capacity of BCPAP cells

after DUSP6 silencing, which was not studied by Degl’Innocenti et al. [13]. We also originally

demonstrated that loss of DUSP5 and DUSP6 in BCPAP and 8505c cells impaired their

anchorage-independent cell growth, in agreement with our results of the migration and inva-

sion assays which are in favor of a pro-tumoral role of DUSP5 and DUSP6.

Pronounced compensatory increase in transcription of one DUSP when the other is knock-

downed has been observed for DUSP1 and DUSP2 [45]. In our work DUSP5 inactivation is

combined with a clear compensation by DUSP6 at the mRNA and protein levels which may

explain the absence of consequence on proliferation and p-ERK levels. As previously demon-

strated, a slight increase in the nuclear levels of p-ERK occurs upon inactivation of DUSP5,

without any changes in p-ERK levels in the total extract [33]. This increase in the nuclear levels
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of p-ERK may explain the compensatory increase in DUSP6 mRNA and protein. The absence

of consequences of a double inhibition of DUSP5 and DUSP6 on p-ERK levels and cell via-

bility could suggest subtle changes in the levels of p-ERK occurring at the nuclear level only

or a compensatory increase in other DUSPs or other phosphatases. Other members of the

DUSP family that dephosphorylate ERK are induced by MAPK signaling (the nuclear

DUSP1, DUSP2 and DUSP4; the cytosolic DUSP7 and DUSP9) [8] and are, thus, good can-

didate genes to study in order to understand the compensatory increase in this context. Sub-

tle changes in the spatiotemporal regulation and activity of ERK induced by DUSP5 and

DUSP6 inactivation may also explain the observed impact on invasion and migration in

BCPAP and 8505 cells. However, we cannot formally exclude the possibility that DUSP5 and

DUSP6 regulate tumor cell migration and invasion independently of ERK. In conclusion,

our data confirmed that DUSP5 and DUSP6 mRNA levels are markers of activation of the

MAPK signaling pathway in PTCs. Higher output of the MAPK pathway in BRAFV600E

mutated thyroid carcinomas provides an explanation for their poorer prognosis compared to

other PTCs. DUSP5 and DUSP6 have no tumor suppressor properties in two BRAFV600E thy-

roid carcinoma models, but instead they seem to have a protumorigenic role on thyroid car-

cinogenesis. The lack of effect in proliferation after specific inhibition of DUSP5 or DUSP6

or both DUSPs suggests redundancy and functional compensation in the large family of

DUSP. Future work should focus on transcriptomic analysis of DUSPs expression modifica-

tion, more specifically compensatory changes when one or several DUSPs are inactivated in

human thyroid cancer cell lines.

Supporting information

S1 Fig. High phosphorylated MEK levels in serum-starved human thyroid carcinoma cell

lines harboring the BRAFV600E mutation. Eleven human thyroid cancer-derived cell lines

were grown in 0.5% FBS medium for 48h and studied for MEK and ERK activation: two cell

lines without known MAPK pathway genetic alteration, one with a RET/PTC rearrangement,

two with a RAS activating point mutation, and five with the BRAFV600E mutation. Protein

expression levels were assayed by immunoblot for the BRAFV600E mutation, phosphorylated

MEK (p-MEK), total MEK1 (t-MEK1), phosphorylated ERK (p-ERK), total ERK (t-ERK) and

GAPDH.

(TIF)

S2 Fig. DUSP5 and DUSP6 levels in the eleven human thyroid carcinoma cell lines. Cells

were maintained for 48h in 0.5% FBS medium. A DUSP5 and DUSP6 mRNA were then ana-

lyzed using real time Reverse-Transcription qPCR and normalized to cyclophilin mRNA lev-

els. DUSP5 and DUSP6 mRNA levels in BCPAP cells were arbitrary set at 1. DUSP6 mRNA

levels in TTA1 cells were almost undetectable. B. Whole cell lysates of the eleven human thy-

roid carcinoma cell lines were subjected to immunoblotting with DUSP5 and DUSP6 antibod-

ies.

(TIF)

S3 Fig. No effect of doxycycline itself on phosphorylated ERK levels in non-transformed

PCCL3 cells.

(TIF)

S4 Fig. BRAFV600E-mutated human thyroid carcinoma cells are insensitive to relief of ERK

dependent upstream negative feedback. A. BRAF-mutated and BRAF-wild type human thy-

roid cancer cells were cultured in 0.5% FBS containing medium for 48h and then treated for 6

hours with the MEK inhibitor AZD6244. Whole cell extracts were subjected to the indicated
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antibodies. B. For each cell line the ratio pMEK/tMEK after AZD6244 treatment relative to the

basal pMEK/tMEK ratio is represented.

(TIF)

S5 Fig. Effects of a third DUSP5 siRNA on migration and invasion in BCPAP and 8505c

cells.

(TIF)
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