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Nonstandard Abbreviations  

bTSH  bovine TSH 

DMEM Dulbecco’s modified Eagle’s Medium 

ELISA  Enzyme-linked Immunosorbent Assay  

FACS  Fluorescence Activated Cell Sorting  

FBS  Fetal Bovine Serum 

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase   

GPCR  G protein coupled receptor  

HBSS  Hank's Balanced Salt Solution 

HEK cells Human Embryonic Kidney cells 

IBMX  3-Isobutyl-1-Methylxanthine  

PBS  Phosphate Buffered Saline 

PKA  Protein Kinase A  

rhTSH  recombinant human TSH  

siRNA  Small interfering RNA   

TSH   Thyrotropin 

TSHR  TSH Receptor  
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Abstract 

The thyrotropin (TSH) receptor (TSHR) signals via G proteins of all four classes and β-arrestin 1. 

Stimulation of TSHR leads to increasing cyclic adenosine monophosphate (cAMP) production that has 

been reported as a monotonic dose-response curve that plateaus at high TSH doses.  In HEK 293 cells 

overexpressing TSHRs (HEK-TSHR cells) we found that TSHR activation exhibits an “inverted U-

shaped dose-response curve” with increasing cAMP production at low doses of TSH and decreased 

cAMP production at high doses (> 1 mU/ml).  Since protein kinase A inhibition by H-89 and 

knockdown of β-arrestin 1 or β-arrestin 2 did not affect the decreased cAMP production at high TSH 

doses, we studied the roles of TSHR downregulation and of Gi/Go proteins.  A high TSH dose (100 

mU/ml) caused a 33% decrease in cell-surface TSHR.  However, since inhibiting TSHR downregulation 

with combined expression of a dominant negative dynamin 1 and β-arrestin 2 knockdown had no effect, 

we concluded that downregulation is not involved in the biphasic cAMP response.  Pertussis toxin, 

which inhibits activation of Gi/Go, abolished the biphasic response with no statistically significant 

difference in cAMP levels at 1 mU/ml and 100 mU/ml TSH. Concordantly, co-knockdown of Gi/Go 

proteins increased cAMP levels stimulated by 100 mU/ml TSH from 55% to 73% of the peak level.  

These data show that biphasic regulation of cAMP production is mediated by Gs and Gi/Go at low and 

high TSH doses, respectively, which may represent a mechanism to prevent overstimulation in TSHR-

expressing cells. 
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Significance Statement  

We demonstrate biphasic regulation of TSH-mediated cAMP production involving coupling of the TSH 

receptor (TSHR) to Gs at low TSH doses and to Gi/o at high TSH doses. We suggest that this biphasic 

cAMP response allows the TSHR to mediate responses at lower levels of TSH and that decreased cAMP 

production at high doses may represent a mechanism to prevent overstimulation of TSHR-expressing 

cells. This mechanism could prevent chronic stimulation of thyroid gland function.  
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Introduction 

 G protein-coupled receptors (GPCRs or seven-transmembrane-spanning receptors), like other 

receptor types, usually exhibit sigmoidal monotonic dose response curves that plateau at increasing 

doses when activated by their cognate ligands.  However, it is now increasingly appreciated that receptor 

activators may generate nonmonotonic or hormetic, biphasic dose response curves with stimulation of 

the response at low doses and decreased responses at high doses (Calabrese, 2013; Vandenberg et al., 

2012). These types of response curves have been termed “inverted U-shaped dose response curves” 

(IUDRCs) and have been shown to be exhibited by several GPCRs, for example, the ĸ opioid receptor in 

peripheral sensory neurons (Jamshidi et al., 2015) or the dopamine D1 receptor in the medial preoptic 

nucleus (Riters et al., 2014). Furthermore, a wide range of pharmaceutical products and approved drugs 

display biphasic dose responses (Calabrese, 2018). The biphasic dose response is becoming a central 

biological concept due to its importance in dynamic processes of receptor activation as well as the 

impact on drug development regarding optimization of treatment (Calabrese, 2018).  

 

GPCRs are capable of coupling to and activating multiple G proteins (Rashid et al., 2004; 

Woehler and Ponimaskin, 2009).  The human thyrotropin (TSH) receptor (TSHR), when activated by its 

native ligand TSH, controls development and function of the thyroid. The TSHR can couple to members 

of all four G protein classes (Laugwitz et al., 1996).  In CHO cells overexpressing TSHR, TSH 

regulation of mitogen-activated kinase 8 (JNK) activity exhibits an IUDRC in which Gi activates protein 

kinase C that mediates the increasing phase at low doses and Gs stimulates cAMP production that, in 

turn, activates protein kinase A that mediates the decreasing phase at high doses (Hara et al., 1999).  

However, to our knowledge, biphasic regulation of cAMP production by increasing doses of an agonist 

acting at the TSHR and being mediated by Gs and Gi/o proteins has not been reported.  Specifically, 
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TSHR may couple to Gs to activate adenylate cyclase and increase cAMP production (Allgeier et al., 

1994) at low agonist doses and to Gi/Go to inhibit adenylate cyclase and decrease cAMP production at 

high doses.  Indeed, we have previously shown that TSHR couples to Gq to activate phospholipase C to 

stimulate inositol-1,4,5-trisphosphate production with a 100-fold lower potency (EC50) for TSH 

compared to Gs activation (Allen et al., 2011).  We found that activation of HEK 293 cells stably 

expressing the TSHR (HEK-TSHR cells) with TSH and thyrostimulin (a second TSHR cognate ligand) 

(Karponis and Ananth, 2017; Nakabayashi et al., 2002) exhibits IUDRC regulation of cAMP production.  

We show that this biphasic regulation occurs via activation of Gs at low doses and by Gi/Go at high doses 

of TSHR ligands.  
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Materials and Methods 

Materials  

Dulbecco’s modified Eagle medium (DMEM), 100-fold penicillin-streptomycin solution, 1 M HEPES 

buffer, phosphate-buffered saline (PBS) and Hanks’ balanced salt solution (HBSS) were obtained from 

Mediatech Inc (Manassas, VA, USA). H-89 was purchased from Selleckchem (Houston, TX, USA). X-

treme Gene 9 DNA transfection reagent and 3-isobutyl-1-methylxanthine (IBMX) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Pertussis toxin (PTX) was obtained from Invitrogen (Carlsbad, 

CA, USA). Bovine TSH was obtained from Merck Millipore (Darmstadt, Germany, catalog number 

609385) and from Sigma-Aldrich (catalog number T8391). Recombinant human TSH (thyrotropin alfa, 

Thyrogen®) was purchased from Sanofi Genzyme (Cambridge, MA, USA). Hyclone-fetal bovine serum 

(FBS) was obtained from GE Healthcare (Logan, UT, USA). Hygromycin B, human GNAS, GNAZ, 

GNAO1, GNAI1, GNAI2, GNAI3, ARRB1 and ARRB2 ON-TARGET plus siRNAs and ON-TARGET 

plus non-targeting pool siRNA (scrambled siRNA), DharmaFECT 1 transfection reagent, the cAMP-

Screen chemiluminescent immunoassay system, and the Alexa FluorTM 647 antibody labeling kit were 

purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Accutase was obtained from 

Innovative Cell Technologies (San Diego, CA, USA). EGTA was purchased from Alfa Aesar 

(Tewksbury, MA, US). EDTA was obtained from Quality Biological (Gaithersburg, MD, USA). The 

dominant negative dynamin 1 K44A pEGFP was purchased from Addgene (plasmid #34681, Addgene, 

Watertown, MA, USA,). The plasmid was deposited by Sandra Schmid (Song et al., 2004). The TSHR 

antibody KSAb1 was kindly provided by Dr. Paul Banga.  
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Cell culture  

HEK 293 cells stably expressing the TSHR (HEK-TSHR cells) were generated as previously described 

(Neumann et al., 2008). HEK-TSHR cells were grown in DMEM supplemented with 10% fetal bovine 

serum, penicillin (100 U/ml), and streptomycin (100 µg/ml) at 37ºC in a humidified 5% CO2 incubator. 

Hygromycin (250 µg/ml) was used as a selection marker.   

 

Measurement of cAMP Production 

In general, untreated or treated HEK-TSHR cells were seeded 24 h before the stimulation with ligands 

bovine TSH (bTSH), recombinant human TSH (rhTSH) or thyrostimulin. The seeding density varied 

based on the experiment. Before ligand stimulation, the cells were washed once with HBSS/10 mM 

HEPES and incubated for 30 min at 37ºC.  Subsequently, the buffer was removed and replaced with 

HBSS/10 mM HEPES containing 1 mM 3-isobutyl-1-methylxanthine (IBMX) and cells were incubated 

with the ligand(s) in a humidified 5% CO2 incubator at 37 ºC for 60 min or as otherwise indicated.  

Following aspiration of the medium, cells were lysed using lysis buffer of the cAMP-Screen 

chemiluminescent immunoassay system. The cAMP content of the cell lysate was determined using the 

method described in the manufacturer’s protocol. The potencies (i.e. EC50s) of the ligands were obtained 

from the dose-response curves using GraphPad Prism Version 7 for Windows (GraphPad Software, La 

Jolla, CA, USA). 

 

Time course to determine the kinetics of cAMP production at low and high TSH doses  

For the time course experiments, HEK-TSHR cells were seeded in 48-well plates at a density of 1.2 x 105 

cells per well. Twenty-four hours after seeding, cells were incubated for an additional 30 minutes in 

HBSS/10mM HEPES prior to stimulation.  
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In the first experiment, HEK-TSHR cells were treated in HBSS/10 mM HEPES with 1 mM IBMX and 1 

mU/ml TSH (low dose) or 100 mU/ml TSH (high dose) simultaneously for up to 12.5 minutes. cAMP 

production was measured at 2.5, 5, 7.5, 10, and 12.5 min. In the second experiment, HEK-TSHR cells 

were pretreated with 1 mU/ml TSH and 100 mU/ml TSH in the absence of IBMX for 20 min. 

Subsequently, the medium was removed and replaced with HBSS/10 mM HEPES/1 mM IBMX with 1 

mU/ml or 100 mU/ml TSH and time points were taken at 22.5, 25, 27.5, 30, and 32.5 min after the 

incubation with TSH was started to determine the rate of cAMP production.    

 

Treatment with Pertussis Toxin (PTX) 

HEK-TSHR cells were seeded at 1.2 x 105 cells per well in DMEM with 10% FBS in 48-well plates and 

cultured overnight.  Twenty-four hours later the medium was removed, and the cells were exposed to 

100 ng/ml PTX in DMEM with 10% FBS or in medium only (Control) for 24 h.  The next day, the 

medium was removed, and the cells were washed with HBSS/10 mM HEPES and then incubated with 

increasing doses of bTSH (0-300 mU/ml) in HBSS/10 mM HEPES/1 mM IBMX for 1 hour at 37 ºC.  

Subsequently, the cells were lysed, and cAMP production was determined as described above.   

 

Transfection with Dynamin 1 K44A plasmid and ARRB2 siRNA  

HEK-TSHR cells were seeded at 5 x 106 cells per well in DMEM with 10% FBS in 10 cm dishes. Twenty-

four hours later, the cells were transfected with ARRB2 (β-arrestin 2) siRNA or non-targeting pool siRNA 

using DharmaFECT 1 transfection reagent per the manufacturer’s instructions. Two hours later, the cells 

were transfected with Dynamin 1 K44A pEGFP or the pEFGP control vector using X-treme Gene 9 DNA 

transfection reagent. Twenty-four hours later, cells were harvested and 1.2 x 105 cells per well were seeded 

in 48-well plates for cAMP measurement, and 1.8 x 106 cells per well were seeded in 6-well plates for 

fluorescence activated cell sorting (FACS) analysis of TSHR cells surface expression. After 24 h 
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incubation, the cells for cAMP measurement were washed with HBSS/10 mM HEPES and incubated for 

30 min at 37 ºC. Subsequently, the medium was removed and replaced with HBSS/10 mM HEPES/1 mM 

IBMX with 100 mU/ml bTSH. The cells were incubated for 1 h at 37 ºC and then lysed and analyzed for 

cAMP production as described above. The measurement of TSHR cell surface expression was carried out 

as described below.  

 

Measurement of TSHR cell surface expression 

TSHR cell surface expression was determined using FACS. Alexa Fluor 647 was directly conjugated to 

the activating TSHR antibody KSAb1 (KSAb1-647) according to manufacturer’s directions using the 

Alexa FluorTM 647 antibody labeling kit.  

HEK-TSHR cells were seeded and transfected as described above with dynamin 1 K44A and ARRB2 

siRNA. Forty-eight hours after transfection, cells were stimulated with 100 mU/ml bTSH for 1 h at 37 ºC. 

Subsequently, cells were harvested on ice with Accutase according to manufacturer’s directions. Cells 

were washed with PBS and re-suspended to a concentration of 1 x 106 cells/ml in ice-cold PBS with 5% 

FBS. KSAb1-647 was added to cells to a final concentration of 5 µg/ml. Cells were incubated for 2 h on 

ice with mixing every 15 min. After the incubation, cells were washed three times in PBS with 1% BSA. 

Subsequently, cells were re-suspended in PBS with 1% BSA and subjected to flow cytometric analysis on 

a BD FACSAria II (BD Biosciences, Franklin Lakes, NJ, USA). Viable cells were gated based on forward 

light scatter, and data were analyzed with BD FACS Diva software.  

 

Transfection of HEK-TSHR cells with siRNA targeting Gs, Gz, Gi1,2,3, Go1, β-arrestin 1 and β-

arrestin 2   

HEK-TSHR cells were seeded in DMEM with 10% FBS into 100 mm dishes at 4 x 106 cells per dish. 

After 24 h, the cells were co-transfected with ON-TARGETplus human GNAS (Gs), GNAZ (Gz), 
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GNAI1 (Gi1), GNAI2 (Gi2), GNAI3 (Gi3) and GNAO1 (Go1) siRNA or co-transfected with ARRB1 (β-

arrestin 1) and ARRB2 (β-arrestin 2) siRNA or ON-TARGET plus non-targeting pool siRNA using 

DharmaFECT 1 transfection reagent per the manufacturer’s instructions. Forty-eight hours after 

transfection, cells were harvested and seeded in a 48-well plate at 1.2 x 105 cells per well. Twenty-four 

hours after seeding, the cells were stimulated with increasing doses of TSH for a dose-response curve or 

with two doses, 1 mU/ml or 100 mU/ml bTSH, for 1 h. Subsequently, the cells were lysed and assayed 

by ELISA to measure cAMP production as described above.  

 

Quantitative Real Time PCR  

Total RNA was purified using RNeasy Mini Kits (Qiagen Inc, Valencia, CA, USA). First strand cDNA 

was prepared using a High Capacity cDNA Reverse Transcription Kit (Life Technologies Corporation, 

Waltham, MA, USA). RT-PCR was performed in 25 μl reactions using cDNA prepared from 100 ng or 

less of total RNA and TaqMan Universal PCR Master Mix (Life Technologies Corporation). mRNA 

expression of GNAS, GNAZ, GNAI1, GNAI2, GNAI3, GNAO, ARRB1, and ARRB2 was measured 

using primers and probes from Life Technologies Corporation. Quantitative RT-PCR results were 

normalized to GAPDH to correct for differences in RNA input.  

 

Data and statistical analysis  

Data analysis was performed with GraphPad Prism Version 7 for Windows (GraphPad Software, San 

Diego, CA, USA). Data are expressed as mean ± SE.  The data were analyzed by unpaired two-tailed t-

test. 
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Results 

 Stimulation of the TSHR by three natural agonists, rhTSH, bTSH, and thyrostimulin, led to 

IUDRCs for cAMP production (Figure 1).  In the first phase of the curve, TSH concentration from 0 to 1 

mU/ml (18 nM) and thyrostimulin concentration from 0 to 100 ng/ml (2.9 nM) induced an increase in 

cAMP production, while rhTSH, bTSH and thyrostimulin above these concentrations decreased cAMP 

production.  

These experiments were performed in the presence of the cAMP phosphodiesterase inhibitor IBMX, and 

therefore, likely represent effects on cAMP production rather than degradation.  The three agonists 

caused virtually identical maximal increases in cAMP production with EC50s for these increases that are 

within 5-fold of each other (EC50s for thyrostimulin, rhTSH, bTSH are 0.5 nM, 1 nM, and 2.5 nM, 

respectively). The decrease in cAMP at doses above 1 mU/ml are similar for rhTSH and bTSH; we do 

not have sufficient amounts of thyrostimulin to test higher doses.  

 

Subsequent studies focused on the characterization of the molecular mechanisms underlying the TSHR- 

mediated IUDRC for cAMP production. First, we confirmed in HEK-TSHR cells by knockdown of Gs 

that the increasing levels of cAMP at low doses of TSH were mediated by Gs activation of adenylyl 

cyclase (Figure 2). The knockdown of Gs (knockdown efficiency of 63±2.5%) decreased the maximum 

cAMP production at 1 mU/ml of TSH by 61±5.1%. To confirm that the decreasing cAMP levels at high 

TSH doses (above 1 mU/ml) were caused by decreasing cAMP production and not by degradation, we 

performed experiments comparing the time courses of the effects of 1 mU/ml bTSH (low dose, 18 nM) 

and 100 mU/ml bTSH (high dose, 1.8 µM).  In the presence of IBMX, 100 mU/ml bTSH caused a more 

rapid increase in cAMP levels than 1 mU/ml bTSH (Figure 3A) but the rate of increase fell below that of 

1 mU/ml after 20 minutes (Figure 3B).  This suggested that the early effects of bTSH were mediated by 
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similar mechanisms, most likely rapid coupling of TSHR to Gs as shown previously (Laugwitz 1993), in 

which higher levels of TSHR occupancy occurred at early times with 100 mU/ml bTSH than 1 mU/ml 

bTSH, followed by a second effect at later time points.  To show this directly, we pretreated cells with 1 

or 100 mU/ml bTSH in the absence of IBMX for 20 minutes, and then with bTSH in the presence of 

IBMX for another 12.5 min and measured the rates of cAMP production (Figure 3B).  Between 20 and 

32.5 minutes, the rate of cAMP production caused by 100 mU/ml bTSH was 60% of that stimulated by 1 

mU/ml bTSH. 

  

Next, we asked whether homologous desensitization by β-arrestin 1 or β-arrestin 2 or 

heterologous desensitization by protein kinase A was involved in the decrease in cAMP production at 

high TSH doses, we studied the effects of β-arrestin 1 and -2 knockdown by siRNAs and protein kinase 

A (PKA) inhibition by H-89 on cAMP production.  Neither β-arrestin 1 and -2 knockdown nor H-89 

inhibited the decrease in cAMP production by high doses of TSH but H-89 increased the maximal 

stimulation by low doses of TSH (Supplemental Figures 1 and 2).   

 

TSHR downregulation was considered as another potential factor for the decreased cAMP 

production at high doses of TSH. Therefore, we measured surface expression of TSHR by FACS.  

Treatment with 100 mU/ml bTSH caused a 33±3.4% decrease in surface TSHR after 1h (Figure 4A). 

Dynamin 1 K44A is a GTPase defective mutant which abolishes clathrin-mediated endocytosis (Song et 

al., 2004). It has been shown that β-arrestin 2 has a predominant role in TSHR internalization and 

desensitization (Boutin et al., 2014; Frenzel et al., 2006). Transfection with ARRB2 siRNA led to a 

78.3±1.5% decrease in β-arrestin 2 mRNA expression.  The combination of pre-expressing the dominant 

negative dynamin 1 K44A mutant and pretreating the cells with ARRB2 siRNA abolished the decrease 
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in cell surface expression by 100 mU/ml TSH. In conclusion, the inhibition of TSHR downregulation 

had no effect on the decrease in cAMP production caused by 100 mU/ml bTSH compared to 1 mU/ml 

bTSH (Figure 4B). 

 

 We then studied whether Gi/Go proteins may be involved in the IUDRC by measuring the effects 

of pertussis toxin (PTX), which inhibits TSHR activation of Gi/Go.  PTX had no effect on the increase in 

cAMP production in the first phase of the curve at low TSH doses but it inhibited the decrease in cAMP 

at high TSH doses (Figure 5A).  PTX inhibited the decrease in cAMP levels at 100 mU/ml TSH from 

63±2.0% to 89±1.8% (Figure 5A, B) of the peak level at 1 mU/ml of the non-treated control.  However, 

PTX treatment led to a small overall decrease in cAMP production. Therefore, we also compared the 

cAMP production at 1 mU/ml and 100 mU/ml in PTX-treated cells only. The compilation of all values 

in PTX-treated samples (Figures 5A and B) showed no significant difference between 1 mU/ml and 100 

mU/ml (93±2.1% and 89±1.8%, respectively, of peak cAMP production of the non-treated control).  

PTX abolished the biphasic response indicating the involvement of Gi/o in the inhibition of cAMP at 

high TSH doses. Furthermore, we tested a potential effect of Gz, which is the only PTX-insensitive 

member of the inhibitory Gi protein family (Casey et al., 1990). The knockdown efficiency for Gz was 

70.7±3.8%. The knockdown of Gz caused an increase of cAMP levels to 131±6.9% over control 

suggesting a partial role of Gz for the increase of cAMP levels. However, knockdown of Gz had no 

effect on the IUDRC.  

When Gi1, Gi2, Gi3, and Go1 were knocked down individually the decrease in cAMP at 100 mU/ml TSH 

was not inhibited with significance despite sufficient knockdown efficiency. Since the individual Gi/o 

proteins might have potentially overlapping functions and the TSHR might not have a preference for one 

Gi/o protein isoform, we decided to co-knockdown Gi1, Gi2, Gi3 and Go1 proteins. The knockdown 
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efficiency for Gi1, Gi2, Gi3 and Go1 was 57.4±2.7%, 82.0±3.1%, 57.4±5.3%, and 64.6±2.1%, 

respectively. Figure 5C shows that co-knockdown of Gi(1,2,3)/Go1 proteins increased cAMP levels 

stimulated by 100 mU/ml TSH from 55.3±1.6% to 72.5±2.5% of the peak level. 
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Discussion 

 We observed that TSHR activation by TSH or thyrostimulin to regulate cAMP production in 

HEK-TSHR cells generated an IUDRC (Figure 1). Low doses of TSH induce Gs-mediated increases of 

cAMP while high TSH doses lead to a Gi/o-mediated cAMP decreases.  It is of note that in vitro cell 

systems like HEK-TSHR cells are less sensitive to TSH than thyrocytes in humans and the potency of 

TSH is shifted to higher doses. This has been reported in many studies.  Nevertheless, in vitro studies 

using high doses of TSH have been found to be good models of TSH action in humans. 

 

The source of bTSH was important for the ability to observe an IUDRC and might explain why 

the biphasic response for cAMP has not been reported previously. bTSH used in this study was 

purchased from Millipore and this TSH preparation is more potent than bTSH from Sigma which we and 

others have used previously (Supplemental Figure 3).  bTSH from Sigma indicates an IUDRC at the 

highest dose, but we hypothesize that the improved potency of bTSH from Millipore permitted 

identification and characterization of the biphasic curve and the contributing signaling molecules.  

 

In HEK-TSHR cells, rhTSH and bTSH have almost overlapping potencies for the first part of the 

curve at low TSH doses (EC50s for bTSH and rhTSH are 2.5 nM and 1 nM, respectively).  It has been 

reported that bTSH has a higher affinity for the human TSHR and a 6-10-fold higher intrinsic activity 

than hTSH (East-Palmer et al., 1995; Mueller et al., 2009; Thotakura et al., 1991; Yamazaki et al., 

1995).  Our data do not support this widely accepted statement. The differences in the data could have 

resulted from the fact that most studies which showed a difference in potency were performed with 

pituitary human TSH (National Hormone and Pituitary Program). In contrast to previous studies, we 

used rhTSH (Thyrogen®), which is FDA approved for use in patients. It has been demonstrated that the 
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TSHR-mediated increase in cAMP production is mediated by Gs activation of adenylyl cyclase (Allgeier 

et al., 1994; Paschke and Ludgate, 1997). We confirmed in HEK-TSHR cells by Gs knockdown that the 

increasing levels of cAMP at low doses of TSH were mediated through activation of Gs (Figure 2).  

Moreover, we demonstrated that the decrease in cAMP levels at high doses of TSH (> 1 mU/ml) was 

caused by a decrease in cAMP production and not by increased cAMP degradation as inhibition of 

cyclic nucleotide phosphodiesterases had no effect.  The decreased cAMP levels at high doses may have 

been caused by homologous desensitization mediated by arrestin-beta-1 or -2, heterologous 

desensitization mediated by protein kinase A, receptor downregulation or Gi/o inhibition of adenylyl 

cyclase. We showed that protein kinase A inhibition by H-89 and downregulation of β-arrestin 1 and β-

arrestin 2 by siRNA did not affect the decreased cAMP levels at high TSH doses in the biphasic curve.  

We found that high doses of TSH caused a decrease in cell surface TSHRs but that inhibition of TSHR 

downregulation by overexpression of a dominant negative dynamin 1 mutant in combination with 

siRNA knockdown of β-arrestin 2 (Boutin et al., 2014; Frenzel et al., 2006) did not affect the decreased 

cAMP production (Figure 4).  By contrast, pretreatment with PTX, which inhibits activation of Gi/Go 

proteins, inhibited the decrease in cAMP levels at high TSH doses and led to complete recovery of 

cAMP production (Figure 5). The PTX effect strongly indicated a role of Gi and Go proteins, and 

therefore, we attempted to knock down Gi/Go proteins individually. The individual knockdown of Gi1, 

Gi2, Gi3 or Go1 proteins did not show a significant effect on the second phase of the cAMP curve which 

might have been the result of overlapping functions of the Gi/Go isoforms. Therefore, a co-knockdown 

of all three Gi proteins and Go1 protein was carried out.  Co-knockdown of Gi(1,2,3) and Go1  partially 

inhibited the decrease in cAMP production at high doses of TSH.  The co-knockdown, however, did not 

allow optimal knockdown efficiency of the individual Gi and Go proteins and could explain why PTX 

completely inhibited but the co-knockdown of Gi(1,2,3)/Go1 only partially inhibited the decreasing part of 
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the biphasic curve. Thus, we concluded that the decrease in the biphasic regulation of cAMP production 

by TSHR was mediated by Gi/Go activation.    

 

It is interesting that we found a time-dependency to the decrease in cAMP production caused by 

high doses of TSH (Figure 3).  That is, a high dose of TSH (100 mU/ml) initially caused a robust 

increase in cAMP that was greater than that caused by a low dose of TSH (1 mU/ml) but that with time 

exposure to 100 mU/ml TSH caused the rate of production to decrease to less than the rate caused by 1 

mU/ml.  This may have been caused by competition of binding of activated TSHRs to Gs versus Gi/o that 

may favor Gs at early times as has been shown in other GPCR systems (see below). 

 

Nonmonotonic dose responses have been found in many receptor systems including GPCRs 

(Calabrese, 2013; Conolly and Lutz, 2004).  Several different mechanisms may mediate these effects.  

This was usually found when an agonist would activate two GPCR subtypes.  For example, in adult rat 

striatum, adenylate cyclase activity was decreased by low doses of phenylpropyladenosine via adenosine 

A1 receptor and increased by high doses via adenosine A2 receptors (Ebersolt et al., 1983).  By contrast, 

activation of a single bombesin receptor, the BB3 receptor, exhibited an IUDRC to stimulate inositol-

trisphosphate production when activated by some agonists (Moreno et al., 2013).  Indeed, a number of 

GPCRs have been shown to couple to more than one type of G protein including to Gs and Gi/o proteins 

(Rashid et al., 2004; Woehler and Ponimaskin, 2009).  For some GPCRs, the coupling to Gs and Gi 

proteins was sequential. For example, both the β2-adrenoceptor (Daaka et al., 1997) and the β3-

adrenoceptor have been shown to couple to Gs and then to Gi (Hadi et al., 2013).  For the β2-

adrenoceptor sequential coupling was shown to be dependent on receptor phosphorylation (Daaka et al., 

1997).  Of note is that simultaneous activation of Gs and Gi to regulate cAMP production by a single 
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GPCR at different doses of agonist has been reported previously, however, the coupling to G proteins 

was reversed at different doses of agonist than we have found.  For the α2-adrenoceptor, low doses of 

UK-14304 caused inhibition of adenylate cyclase activity by coupling to Gi and stimulation of adenylate 

cyclase activity at high doses via Gs (Eason et al., 1992).  We previously reported that TSHR can bind to 

and activate Gs to stimulate cAMP production at low TSH doses and to Gq/11 to stimulate inositol-1,4,5-

trisphosphate production at high doses of TSH (Allen et al., 2011).  Our present findings show that high 

doses of TSH allow TSHR to couple to Gi/o proteins also and thereby regulate cAMP production in a 

biphasic manner.  We concluded in our previous study that high TSH doses allowed binding to more 

than one protomer of a TSHR oligomer and that this led to a conformational change that allowed 

coupling to Gq/11 and we suggest this mechanism for Gi/o also.   

 

In summary, we have shown that the TSHR-mediated IUDRC for cAMP production involves 

coupling to different G proteins at different doses of agonist.  Specifically, TSHR couples to Gs at low 

TSH doses and to Gi/o at high TSH doses.  We suggest that the biphasic cAMP response allows TSHR to 

mediate responses at lower levels of TSH or thyrostimulin and that decreased cAMP production at high 

doses may represent a mechanism to prevent overstimulation of TSHR-expressing cells. In particular, 

this biphasic cAMP response might be of importance for the regulation of thyroid specific genes in 

thyrocytes which are partly regulated by cAMP production, and this mechanism could prevent chronic 

stimulation of thyroid gland function.  
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Figure Legends 

 

Figure 1.  bTSH, rhTSH and thyrostimulin caused inverted U-shaped dose response regulation of 

cAMP production. 

HEK-TSHR cells were incubated with increasing doses of bTSH, rhTSH (0 to 300 mU/ml (5.4 µM)) or 

thyrostimulin (0 to 1000 ng/ml (29 nM)) in HBSS/HEPES with IBMX at 37 ºC for 60 min.  After 

incubation with ligands, HEK-TSHR cells were lysed and cAMP was measured in the cell lysates. The 

symbols represent the mean±SEM of duplicate measurements in 3 experiments. Rmax = maximum 

response.  

 

Figure 2. Biphasic regulation of cAMP production persists after knockdown of Gs.  

HEK-TSHR cells were transfected with human GNAS (Gs) siRNA. Control cells were transfected with 

non-targeting pool siRNA. Seventy-two hours after transfection, the cells were stimulated with 

increasing doses of TSH for 1 h. Subsequently, the cells were lysed, and cAMP production was 

determined. The data represent the mean±SEM of three experiments in duplicate. KD = Knockdown. 

 

Figure 3. The time course of cAMP production.  

A. HEK-TSHR cells were treated with 1 mU/ml (18 nM) or 100 mU/ml (1.8 µM) TSH in 

HBSS/HEPES/IBMX for up to 12.5 min. The cell samples for each time point were lysed starting at 2.5 

min in 2.5 min intervals until 12.5 min, and cAMP was measured in these cell lysates. B. Cells were 

pretreated without or with 1 or 100 mU/ml bTSH in HBSS/HEPES at 37 ºC.  After 20 min, the mediums 

were removed and replaced by HBSS/HEPES with IBMX containing the same concentrations of bTSH.  

The cell samples for each time point were lysed starting at 22.5 min in 2.5 min intervals until 32.5 min, 
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and cAMP was analyzed in these cell lysates. The symbols represent the means of duplicate or triplicate 

measurements in 3 experiments.  The rate of cAMP production is decreased by pretreatment with 100 

mU/ml compared to 1 mU/ml bTSH. Statistical significance was determined by unpaired two-tailed t-

test. The rates of cAMP production were statistically different (P<0.05).  

 

Figure 4.  Downregulation of TSHR cell surface expression did not affect decreased cAMP 

production caused by 100 mU/ml bTSH. 

A. TSHR cell surface expression in HEK-TSHR cells was measured by FACS after 60 min incubation 

without (Basal) or with 100 mU/ml (1.8 µM) bTSH in control cells or cells transfected 2 days before 

with a plasmid that expresses the dominant negative dynamin 1 K44A mutant and with ARRB2 (β-

arrestin 2) siRNA.  Expression of dynamin 1 K44A and knockdown of β-arrestin 2 inhibited 

downregulation of TSHR cell surface expression. The bars represent mean with 95% confidence interval 

of duplicate or triplicate measurements in 4 FACS experiments. Statistical significance was determined 

by unpaired two-tailed t-test (*** P<0.001).   

B.  In parallel to the FACS analysis, cAMP production was measured in control and transfected HEK-

TSHR cells. The cells were incubated for 60 min with 100 mU/ml TSH in HBSS/HEPES/IBMX. 

Subsequently, the cells were lysed, and cAMP production was analyzed. The bars represent mean with 

95% confidence interval. There was no statistically significant difference determined by unpaired two-

tailed t-test between cells transfected with the dynamin 1 K44A mutant and ARRB2 siRNA and non-

treated cells (Control). KD = knockdown.  

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 8, 2019 as DOI: 10.1124/mol.119.117382

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


29 
 

Figure 5.  Pertussis toxin (PTX) and co-knockdown of Gi(1,2,3) and Go1 inhibited the decrease in 

cAMP levels at high doses of bTSH. 

A. HEK-TSHR cells were non-treated (Control) or pretreated with PTX (100 ng/ml). Twenty-four hours 

after treatment, the medium was removed, and the cells were incubated with increasing doses of bTSH 

(0-300 mU/ml/5.4 µM) in HBSS/HEPES with IBMX for 1 hour at 37 ºC. Subsequently, the cells were 

lysed, and cAMP production was determined. Statistical significance was determined by unpaired two-

tailed t-test. There was no statistically significant decrease in cAMP levels in cells exposed to bTSH 

above 1 mU/ml (18 nM) in PTX-treated cells (P>0.05) but there was in control cells (*** P<0.001). The 

data represent the mean with 95% confidence interval of duplicate or triplicate measurements in 3 

experiments. Rmax = maximum response.  

B. HEK-TSHR cells were transfected with human GNAZ (Gz) siRNA. Control cells were transfected 

with non-targeting pool siRNA. Seventy-two hours after transfection with siRNA, the cells were 

stimulated with 1 mU/ml (18 nM) or 100 mU/ml (1.8 µM) bTSH for 1 h. PTX was added 24 h before 

stimulation with TSH in the indicated samples. The data represent the mean with 95% confidence 

interval of triplicate measurements in 4 experiments. KD = knockdown.  

C.  HEK-TSHR cells were co-transfected with human GNAI1 (Gi1), GNAI2 (Gi2), GNAI3 (Gi3), and 

GNAO1 (Go1) siRNA. Control cells were transfected with non-targeting pool siRNA. Seventy-two hours 

after transfection, the cells were stimulated with 1 mU/ml (18 nM) or 100 mU/ml (1.8 µM) bTSH for 1 

h. Subsequently, the cells were lysed, and cAMP production was determined. Co-knockdown of Gi(1,2,3) 

and Go1 increased cAMP production induced by 100 mU/ml bTSH compared to control cells supporting 

the role of Gi/Go-mediated TSHR signaling in biphasic cAMP production. Statistical significance was 

determined by unpaired two-tailed t-test (*** P<0.001). The bars represent the mean with 95% 

confidence interval of triplicate measurements in 5 experiments.  
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 Figure 3   
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  Figure 5  
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Supplemental Figure 1 

Heterologous desensitization by protein kinase A (PKA) does not affect biphasic cAMP dose 

response to TSH. HEK-TSHR cells were preincubated with either HBSS/HEPES alone or 

HBSS/HEPES containing 10 µM of the PKA inhibitor H-89 for 15 minutes a 37 ºC.  The supernatant 

was removed, and subsequently, cells were incubated in HBSS/HEPES/1 mM IBMX containing 

increasing doses of bTSH (0 to 100 mU/ml/1.8 µM) with or without 10 µM H-89 for 60 minutes at 37 ºC.  

Afterwards, the cells were lysed, and cAMP production was measured. The data represent the 

mean±SEM of triplicate measurements in 2 experiments. 
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Supplemental Figure 2    

Homologous desensitization does not play a role in the biphasic cAMP response. Co-

knockdown of β-arrestin 1 and β-arrestin 2 does not affect the decrease in cAMP at high TSH 

doses. HEK-TSHR cells were co-transfected with ARRB1 (β-arrestin 1) and ARRB2 (β-arrestin 2) 

siRNA or transfected with non-silencing siRNA (Control).  Cells were cultured for 48 h, and then seeded 

in 48-well plates at 120,000 cells/well.  Twenty-four hours later the medium was aspirated, the cells 

were washed with HBSS/HEPES and then stimulated with increasing doses of bTSH (0 - 300 mU/ml/5.4 

µM) in HBSS/HEPES with IBMX for 1 hour at 37 ºC. Subsequently, cAMP was determined in the cell 

lysates. The knockdown efficiency was 73±3.6% and 63.0±3.7% for ARRB1 and ARRB2, respectively. 

The data represent the mean±SEM of duplicate measurements in 2 experiments.   
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Supplemental Figure 3 

Comparison of potency and efficacy of bovine TSH (bTSH) from different sources. bTSH was 

purchased from SIGMA (Catalog Number T8391) and Millipore (Catalog Number 609385). HEK-TSHR 

cells were incubated with increasing doses of bTSH from both sources (0 to 300 mU/ml (5.4 µM)) in 

HBSS/HEPES with IBMX at 37 ºC for 60 min. Thereafter, HEK-TSHR cells were lysed and cAMP was 

measured in the cell lysates. Despite no difference in efficacy, bTSH Millipore is more potent than bTSH 

SIGMA (1 nM versus 8 nM) and induces a biphasic dose response for cAMP production. The symbols 

represent the mean±SEM of duplicate measurements in 6 and 3 experiments for bTSH SIGMA and 

bTSH Millipore, respectively. Rmax = maximum response. 


