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Abstract Somatostatin (SST) is one of the main regula-

tors of thyroid function. It acts by binding to its receptors,

which lead to the dissociation of G proteins into Gai and
Gbc subunits. However, much less is known about the

function of Gbc in thyroid cells. Here, we studied the role of
SST and Gbc dimers released upon SST stimulation on the

Ras-ERK1/2 pathway in FTRL-5 thyroid cells. We

demonstrate that SST activates Ras through Gi proteins,

since SST-induced Ras activation is inhibited by pertussis

toxin. Moreover, the specific sequestration of Gbc dimers

decreases Ras-GTP and phosphorylated ERK1/2 levels, and

overexpression of Gbc increases ERK1/2 phosphorylation

induced by SST, indicating that Gbc dimers released after

SST treatment mediate activation of Ras and ERK1/2. On

the other hand, SST treatment does not modify the

expression of the thyroid differentiation marker sodium/

iodide symporter (NIS) through ERK1/2 activation. How-

ever, SST increases AKT activation and the inhibition of the

Src/PI3K/AKT pathway increases NIS levels in SST-treated

cells. Thus, we conclude that, in thyroid cells, signalling

from SST receptors to ERK1/2 involves a Gbc-mediated

signal acting on a Ras-dependent pathway. Moreover, we

demonstrate that SST might regulates NIS expression

through a Src/PI3K/AKT-dependent mechanism, but not

through ERK1/2 signalling, showing the main role of this

hormone in thyroid function.
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Introduction

The proliferation of follicular thyroid cells is mainly reg-

ulated by the positive actions of thyrotrophin (TSH) and

insulin-like growth factor I, and the antimitogenic signals

induced by somatostatin (SST) [1]. Moreover, thyroid

differentiation is also mainly induced by TSH through the

expression of the different genes required for thyroid hor-

mone synthesis such as the sodium/iodide symporter (NIS),

thyroglobulin and thyroperoxidase. The NIS protein

mediates iodide uptake by the thyroid follicular cell, which

constitutes the first step in thyroid hormone biosynthesis

[2]. However, less is known about the signals affecting

thyroid cell function regulated by SST.

SST is a widely distributed peptide that inhibits hor-

mone secretion, neurotransmission and cell proliferation.

Its actions are mediated by specific G protein-coupled

receptors (GPCRs) SSTR1-SSTR5 [3], which are coupled

functionally to trimeric Gi proteins. The binding of this

hormone to its receptor leads to the dissociation of Gi

proteins into Gai and Gbc subunits. Most SST actions are

mediated by Gai and inhibition of the adenylyl cyclase/

cAMP cascade, which is required for thyroid cell differ-

entiation and proliferation [1, 2].

Although the main functions of G proteins were thought

to be mediated by the Ga subunits, Gbc complexes also

regulate more than 20 effectors including phospholipases,

adenylyl cyclases, ion channels, b-adrenergic receptor
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kinase (bARK) and PI3Ks [5]. Thus, Gbc dimers regulate

intracellular signals involved in proliferation and differ-

entiation in different cell types by mechanisms involving

the activation of the Ras/ERK and the PI3K/AKT pathways

[6–15].

TSH activates the Ras/RAF/MEK/ERK signalling

pathway after increase cAMP production by both PKA-

dependent [16] and independent mechanisms [17]. SST

also regulates the ERK1/2 pathway, but its modulation

differs according to the receptor subtypes and the cellular

models. Thus, whereas in some cell SST inhibits ERK1/2

phosphorylation, in others mediates a sustained activation

of ERK1/2 [18–20]. Nonetheless, in thyroid cells, the role

of SST on ERK1/2 activation and the functions of Gbc
subunits in the transmission of its intracellular signals

remain essentially unknown.

It has been demonstrated that Gbc released after TSH

receptor activation affect thyroid differentiation via a

PI3K-dependent pathway [21]. This, together with the fact

that not all the actions of SST can be explained by a

cAMP decrease, led us to study the involvement of Gbc
dimers in SST-dependent signalling and the regulation of

the Ras/RAF/MEK/ERK pathway. We found that SST

activates Ras and ERK through a Gbc-initiated pathway

in thyroid cells. Moreover, SST also activates the Src/

PI3K/AKT pathway, which may interfere with NIS pro-

tein expression.

Materials and methods

Materials

TSH, SST and pertussis toxin (PTX) were from Sigma.

The inhibitors used were U0126 (Promega), and

LY294002 and PP1 (Calbiochem). Antibodies used were

anti-phospho ERK1/2, anti-FLAG and anti-tubulin

(Sigma); anti-Gat and anti-CD8, anti-ERK2 (Santa Cruz

Biotechnology); anti-Ras (BD-Biosciences); anti-phospho

AKT on S473 and anti-AKT (Cellular Signalling). Anti-

NIS antibody was a generous gift from Dr. N. Carrasco

(Albert Einstein College of Medicine, Bronx, NY). The

pcDNA3.1-FLAG-Gb1 and pcDNA3.1-HA-Gc2 plasmids

were obtained from the Guthrie cDNA Resource Centre

(Sayre, PA). pCisGat expression vector for the a-subunit
of bovine transducin and pcDNA-CD8-bARK, an expres-

sion vector bearing the extracellular and transmembrane

domain of CD8 lymphocyte-specific receptor and the

C-terminus of bARK1 were kindly provided by Dr.

F. Mayor Jr. (CNB CSIC-UAM, Madrid, Spain). The

luciferase reporter plasmid containing the full-length NIS

promoter (pNIS-2.8) was kindly donated by Dr. P. Santis-

teban (IIB CSIC-UAM, Madrid, Spain).

Cell culture

FRTL-5 thyroid cells were cultured in Coon’s modified

Ham’s F-12 medium (Gibco) supplemented with 5 %

donor calf serum and six-hormone mixture (6H, complete

medium), including 10 ng/ml glycyl-L-histidyl-L-lysine,

5 lg/ml transferrin, 10 nM hydrocortisone, 10 ng/ml SST,

10 lg/ml insulin and 1 nM TSH. Before treatments, cell

cultures were maintained for 3 days in medium depleted of

TSH, insulin and SST in the presence of 0.2 % BSA

(starvation medium), and then treated as indicated in the

figures.

Transfections

FRTL-5 cells were plated 48 h before and transfection was

performed by calcium phosphate coprecipitation as

described previously [1, 4]. After 24 h, culture medium

was changed to starvation medium; cells were maintained

in this medium for 48 h and then treated as described in

figure legends.

The NIS reporter assays were performed as previously

described [22]. Cells were transfected with pNIS-2.8-Luc

reporter plasmid and the internal transfection standard

Renilla in pRL-TK, used to monitor transfection efficiency.

After transfection, cells were maintained 48 h in starvation

medium and then treated for additional 24 h. Cells were

harvested in 100 ll reporter lysis buffer (Promega) and

dual luciferase and Renilla reporter assays were performed

following the protocol provided by the manufacturer.

Activated Ras affinity precipitation assay

The assay was performed essentially as described [23]. Cell

extracts were lysed in extraction buffer, lysates were cen-

trifuged and the supernatants assayed for protein concen-

tration by the Bradford method. Supernatants were

incubated with mixing with GST-RBD (Ras Binding

Domain of CRAF), previously bound to glutathione-

Sepharose beads. After washing, beads were boiled with

SDS-PAGE sample buffer. Eluted proteins were resolved

in 12 % SDS-PAGE and analyzed by Western blot with

anti-Ras antibody.

Protein extraction and Western blot analysis

Cells were collected and homogenized in a buffer con-

taining 50 mM HEPES (pH 7.4), 2 mM MgCl2, 250 mM

NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1 % NP40, 1 mM

dithiothreitol, 2 mM Na3VO4, 10 mM NaF and protease

inhibitors. Cell extracts were normalized for protein con-

tent, and then analyzed by standard techniques using the

indicated antibodies.
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Statistical analysis

In statistical analysis, the student́s t test was performed

using the SSCStat software (V2.18, University of Reading,

United Kingdom).

Results

SST increases Ras activity

In order to study the role of SST and Gbc on the Ras/RAF/

MEK/ERK cascade in thyroid cells, we first examined Ras

activation in FRTL-5 cells stimulated with SST, or TSH as

control, at different times. We observed that SST increased

the proportion of activated Ras-GTP by approximately

threefold over control cell levels in a time-dependent

manner, and that this increase was similar to that observed

after TSH stimulation (Fig. 1a). To confirm these data, we

treated the cells with increasing SST concentrations and

observed that Ras activation increased in a dose-dependent

manner (Fig. 1b). These data indicate that SST and TSH

activate Ras by a cAMP-independent pathway, since both

hormones exert opposite effect on the production of this

second messenger.

SST stimulates Gi-dependent Ras activation

via a Gbc subunit-initiated pathway

To analyze whether Ras activation by SST was Gi-de-

pendent, we performed experiments using PTX, which

inhibits Gi signalling. Treatment with PTX completely

abolished SST-induced Ras activation, showing that a Gi-

dependent pathway is the main route used by SST to

activate Ras in FRTL-5 cells (Fig. 2a).

Upon SST binding to its receptors, Gi proteins dissociate

into the inhibitory Gai subunit and Gbc subunits. To study

the function of Gbc dimers released after SST treatment,

we inhibited Gbc signalling by using two different Gbc
scavengers, CD8-bARK and Gat [24, 25]. Thus, expression
of CD8-bARK produced a decrease of SST-induced Ras

activity (Fig. 2b). The same results were obtained in cells

transfected with Gat and treated with SST (Fig. 2c). To

confirm the role of Gbc on Ras activation, we performed a

similar experiment after TSH treatment, observing that Gat
overexpression also inhibited Ras activation by this hor-

mone (Fig. 2d). However, as negative control, in insulin-

treated cells Gbc inhibition did not produce any significant

change of Ras activation (Fig. 2e), showing the specificity

of this approach. Together, these results show that SST

activates Ras through the Gbc subunits released from Gi

rather than through the Gai subunits.

SST stimulates ERK1/2 through Gbc subunits

Next, we studied whether SST could also increase ERK1/2

phosphorylation through activation of Gbc. Figure 3a

shows that SST significantly increased ERK1/2 phospho-

rylation in a time-dependent manner. This effect is exerted

upstream of MEK, since cell treatment with the MEK

inhibitor U0126 completely blocked SST-induced ERK1/2

phosphorylation (Fig. 3a). To study whether Gbc dimers

are directly responsible for ERK1/2 phosphorylation, we

first used cells transiently cotransfected with expression

Fig. 1 SST and TSH activate

Ras. FRTL-5 cells were treated

with TSH (10 nM) or SST

(10 lM) for the indicated times

(a), or with increasing

concentrations of SST for

15 min (b). Ras activation was

measured as described in

‘‘Materials and methods’’

section (upper panels). 5 % of

each lysate was loaded onto

another gel to analyze total Ras

protein levels (lower panels).

Data shown are the mean±SEM

of three independent

experiments performed with

similar results and blots are for

one representative experiment.

**0.001\ p\ 0.01,

***p\ 0.001, significant

differences compared to the

corresponding control

Mol Cell Biochem (2016) 411:253–260 255

123



vectors for Gb1 and Gc2 subunits. The results showed that

overexpression of Gbc dimers significantly increased

ERK1/2 phosphorylation in both basal and SST-stimulated

cells (Fig. 3b). We also explored the effect of Gbc
sequestration on ERK1/2 activity after SST treatment.

Activation of ERK1/2 by SST was significantly reduced in

cells transfected with CD8-bARK or Gat compared to

control cells (Fig. 3c). Since TSH also activates Ras by a

Gbc-dependent mechanism, we investigated the ERK1/2

activation by this hormone and whether Gbc dimers could

also be involved in the TSH-stimulated ERK1/2 activation.

As expected, TSH increased ERK1/2 activation and this

effect was blocked by the inhibitor U0126 (Fig. 3d).

Moreover, in cells transiently transfected with bARK or

Gat, TSH-stimulated ERK1/2 activation was reduced

compared with control cells (Fig. 3e). These data suggest

that Gbc subunits are key molecules in SST activation of

the Ras-ERK1/2 cascade in thyroid cells.

SST activates the PI3K/AKT pathway and regulates

NIS expression

NIS is one of the main differentiation markers of thyroid

cells, whose expression is regulated by TSH through Gas/
cAMP- and Gbc-dependent pathways. Then, we analyzed

the expression of the NIS gene to determine whether SST,

which exerts the same effect as TSH on the Ras-ERK1/2

pathway through Gbc, could modify differentiation in

FRTL-5 cells. As predicted, TSH increased NIS protein

levels compared to control cells; however, SST had no

significant effect (Fig. 4a). We also studied whether SST

could regulate transcription of the NIS gene transfecting a

luciferase reporter plasmid containing the full-length NIS

promoter. As previously described, TSH significantly

increased NIS promoter activity [21, 22], whereas SST

treatment did not have any effect (Fig. 4b). To explore the

lack of effect of SST on NIS expression, we initially

examined the role of the Ras/RAF/MEK/ERK pathway by

testing the effects of the MEK inhibitor U0126 in SST-

treated cells. Inhibition of MEK/ERK signalling did not

significantly increase NIS protein expression either in basal

conditions or after SST stimulation (data not shown). This

indicates that the activation of the Ras and ERK1/2 by SST

is independent of NIS expression in these cells.

Since different studies suggest that PI3K regulates NIS

gene transcription [21, 22], we also studied the role of the

PI3K/AKT signalling pathway on NIS expression after

SST treatment. First, to determine whether SST activates

PI3K, we examined phosphorylation of endogenous AKT

protein. AKT was not phosphorylated in resting cells, but

its phosphorylation was stimulated within 10 min of

treatment with SST and continued to rise over a 60-min

period (Fig. 4c). Accordingly, SST-induced AKT phos-

phorylation was completely blocked in cells pretreated

with the PI3K inhibitor LY294002 (Fig. 4c). Src acts as an

early intermediate of PI3K activation in response to

Fig. 2 TSH and SST activate Ras through a Gbc-dependent pathway.
a Cells were left untreated or preincubated with PTX (150 ng/ml,

16 h) and then stimulated with SST (10 lM, 15 min). Cells were

transfected with control vector, CD8-bARK (b and e) or pCisGat (c,
d and e). After transfection, cells were maintained for 48 h in

starvation medium and left untreated or treated for 15 min with SST

(10 lM) (b and c), TSH (10 nM) (d) or insulin (100 nM) (e). Cells
were then harvested and active GTP-bound Ras was extracted from

lysates and measured. CD8-bARK and Gat expressions were detected
by immunoblot with anti-CD8 or anti-Gat antibodies, respectively.
Blots shown are from one representative experiment performed three

times with similar results
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GPCRs [13]; then, we also used the Src inhibitor PP1 to

characterize the involvement of this kinase in PI3K/AKT

activation by SST. Exposure of cells to PP1 abrogated

SST-induced AKT activation (Fig. 4d). These results

indicate that Src acts upstream of PI3K to activate AKT in

response to SST.

To study whether SST-mediated PI3K activation was

implicated in NIS expression, we treated the cells with PP1

or LY294002 inhibitors, followed by treatment with SST,

and observed that the inhibition of both Src and PI3K

significantly increased NIS protein levels in both basal

conditions and SST-treated cells (Fig. 4e). Altogether,

these data suggest that the activation of Src/PI3K/AKT

pathway could be responsible for the lack of effect of SST

on NIS expression.

Discussion

Here, we show for the first time that SST can activate Ras

and ERK1/2 via a previously undescribed Gbc-dependent
pathway in thyroid cells. Moreover, SST may regulate NIS

gene expression in thyroid cells by activation of the PI3K/

AKT signalling pathway and independently of ERK1/2

activation.

In thyroid cells G protein activating signals to Ras and

ERK1/2 more often involve activation of Gas and gener-

ation of cAMP [16, 17]. However, here we show that in

addition to the cAMP pathway, signals other than cAMP

can activate Ras and ERK1/2 in FRTL-5 cells, since TSH

and SST exert opposite effects on cAMP production [1, 4].

We demonstrate the involvement of Gi protein in SST-

mediated Ras and ERK1/2 activation based on the sensi-

tivity to PTX. In addition, we present evidence that Gbc
dimers released upon TSH and SST binding to their surface

receptors are involved in Ras and ERK1/2 activation.

Although the implication of Gbc subunits in this signalling

pathway was observed in other systems [6–10, 13–15], this

is the first evidence in thyroid cells. Thus, our results are

similar to those obtained in CHO cells stably transfected

with SSTR1 [19] or SSTR2 [20]. The mechanisms under-

lying this effect are not fully known and a Gbc molecular

target upstream of Ras has not been rigorously defined to

date. In this sense, it has been shown that Gbc can activate

Ras by different mechanisms involving PI3K, the adaptor

proteins Shc, Grb2 or GRF-2, transactivation of tyrosine

kinase receptors, the tyrosine phosphatase SHP-2 or Src

[10–13, 26]. We have not studied the direct target of Gbc
dimers, thus, further studies are essential to clarify the

signalling molecules linking Gbc activated by SST and Ras

in thyroid cells.

Although, we still do not know the biological processes

affected by this new SST/Gbc/Ras/ERK pathway in thyroid

cells, it is possible that the previously reported SST anti-

proliferative effect may be triggered by the previously

identified SHP-1-SHP-2-PI3K/Ras-Rap1/BRAF/MEK/

Fig. 3 Gbc activates ERK1/2. a Cells were pretreated for 30 min

with DMSO, as control, or U0126 (10 lM) and then left untreated or

treated with SST (10 lM) for the indicated times. b Cells were

transfected with control vector or the FLAG-Gb1 and HA-Gc2
plasmids. After transfection, cells were maintained in starvation

medium for 48 h, and then left untreated, treated with SST (10 lL)

or incubated in complete medium (6H) for 30 min. c Cells were

transfected with control vector, CD8-bARK, pCisGat, or FLAG-Gb1
and HA-Gc2. After 48 h, cells were treated with SST (10 lL) for

30 min. d Cells were treated with TSH (10 nL) for the indicated

times (left panels), or pretreated with DMSO or U0126 (10 lM) for

30 min and then stimulated with TSH 30 min (right panels). e Cells

transfected as in B were left untreated or treated with TSH (10 nL)

for 30 min. Phosphorylated ERK1/2 (pERK) was detected using the

appropriate phospho-specific antibody. Blots were reprobed with anti-

ERK2 antibody as loading control. When indicated, FLAG-epitope-

tagged Gb1 protein was detected with anti-FLAG antibody. Blots are

for one representative experiment from three performed with similar

results
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ERK/p27Kip pathway [11, 20], in which Gbc dimers

released after SSTR activation can be included at any step

above Ras activation. On the other hand, our data indicate

that SST may inhibit the expression of the thyroid differen-

tiationmarker NIS, through a Src/PI3K/AKT-dependent and

ERK1/2-independent mechanism. In contrast to TSH, SST

does not increase the levels of NIS, although both hormones

activate ERK1/2, suggesting that additional pathways to

Ras/ERK are involved in regulation of NIS expression by

SST. The role of ERK1/2 in thyroid cell differentiation has

been addressed by previous studies with opposite result. It

has been described that ERK1/2 inhibition has no effect on

TSH induction of NIS expression [22], but blunted the

inhibitory effects of RET/PTC on expression of this sym-

porter [27]. Moreover, although over-activation of ERK1/2

by oncogenic V600EBRAF silences thyroid-specific gene

expression in papillary and anaplastic thyroid cancer [28],

experiments with differentiated PCCl3 thyroid cells

demonstrated that overexpression of V600EBRAF sharply

impaired both NIS expression and targeting to membrane

and, surprisingly, this impairment was not totally dependent

on the MEK/ERK pathway [29].

Besides its role on proliferation and survival, the

implication of the PI3K/AKT pathway on differentiation

has not been fully characterized. The PI3K/AKT pathway,

however, might be responsible for the lack of effect of

SST on NIS expression. We observed that SST activates

AKT and that inhibition of PI3K and Src decreases AKT

phosphorylation and increases NIS levels. Our data are in

agreement with the studies showing that AKT activation

by isoproterenol requires Ras, Src and Gbc [13]. Fur-

thermore, our data concur with previous results showing

that the PI3K/AKT pathway inhibits the expression of the

thyroid differentiation marker NIS, as well as the activity

of its activator Pax8, considered another thyroid marker

[21, 22, 30]. The Gbc subunits released after TSH stim-

ulation activate PI3K to inhibit NIS gene expression,

demonstrating a functional role for Gbc dimers in thyroid

cell differentiation [21]. This Gbc function has also been

shown in other cell models; for instance, Gbc mediates

agonist-induced differentiation of vascular smooth muscle

cells [31], and differentiation of PC12 cells by Purkinje

cell protein-2 (Pcp2) requires a Gbc-mediated activation

of Ras [32]. Thus, it is possible that SST, through

Fig. 4 SST activates the PI3K/AKT pathway and regulates NIS

expression. a Cells were starved for 7 days, then left untreated or

stimulated with TSH (10 nM), SST (10 lM) or complete media (6H)

for 24 h and NIS protein levels were detected using the specific

antibody. Blots were reprobed with anti-tubulin antibody as loading

control. b Cells were transfected with pNIS-2.8 Luc and pRL-TK-

Renilla reporter plasmids. 48 h after transfection, cells were treated

with TSH, SST or 6H for 24 h. Cell extracts were assayed for

luciferase and Renilla activities. Luciferase activity was normalized

with Renilla activity and expressed as fold increase from control.

Data shown represent the mean±SEM of four independent experi-

ments performed in duplicate. c, d Cells were pretreated with the

inhibitors LY294002 (20 lM) (c) or PP1 (10 lM) (d) 30 min before

addition of SST (10 nM) for the indicated times. Cells were then

harvested and phosphorylation of AKT (pAKT) was detected using

the appropriate phospho-specific antibody. For each pair of rows, an

image of the phospho-specific blot is shown with the reprobed image

with anti-AKT antibody. e Cells were starved 7 days, then pretreated

with the inhibitors LY294002 (20 lM) or PP1 (10 lM) 30 min before

addition SST (10 lM) for 24 h. Cells were then harvested for

Western Blot analysis and NIS expression was detected with anti-NIS

antibody. Blots are from representative experiments of three per-

formed with similar results. ***p\ 0.001, significant differences

compared to the corresponding control
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activation of the Gbc/PI3K/AKT pathway, impedes NIS

expression, allowing us to speculate that a pathway

specifically governed by Gbc dimers release after SST

stimulation might affect thyroid differentiation. The

opposite results exerted by TSH and SST could be

responsible to maintain a tight control of NIS protein

levels, since iodide uptake is a crucial step for thyroid

function. Nonetheless, the possible role of Gbc subunits

released upon SST activation on the thyroid cell differ-

entiation process remains to be elucidated. Moreover, the

great similarities in multiple aspects of thyroid physiology

between humans and small rodents have facilitated the

rapid translation of experimental findings to the clinical

realm. However, we should note that using a rat model

does not reflect the human situation and that the in vitro

experiments should be taken into account if the experi-

mental findings are to have clinical relevance. This, our

findings warrant further investigation to address the

mechanisms underlying ERK PI3K activation by SST and

its role on differentiation in human cells.
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