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Abstract

Thyroid stimulating hormone and insulin-like growth factor 1 receptors (TSHRs and IGF1Rs, 

respectively) interact leading to additive or synergistic stimulation of cellular responses. Recent 

findings provide evidence that the interaction between TSHRs and IGF1Rs is similar to that 

described for other G protein-coupled receptors and receptor tyrosine kinases. These types of 

interactions occur at or proximal to the receptors and are designated “receptor cross-talk.” Herein, 

we describe our studies in human thyrocytes, human retro-orbital fibroblasts from Graves’ 

orbitopathy patients and a model cell line that support the concept of TSHR/IGF1R cross-talk. We 

also discuss how receptor cross-talk is involved in stimulation by a monoclonal TSHR-stimulating 

antibody and how targeting both receptors may lead to novel treatments of Graves’ orbitopathy.
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Introduction

Interactions between G protein-coupled receptors (GPCRs) and receptor tyrosine kinases 

(RTKs) leading to robust stimulation of cellular responses is well-established and 

extensively reviewed (1–3). The interaction between a GPCR and a RTK, receptor cross-

talk, rests on the principle that GPCRs and RTKs share molecular components of signal 

transduction and that activation of both receptors leads to additive or synergistic effects. 

Cross-talk interactions, which are rapid and take place at or proximal to the receptor, are 

traditionally thought to occur through three mechanisms: 1) GPCR stimulation by an agonist 

leads to the production or increased availability of RTK agonists; 2) GPCR signaling results 

in Tyr phosphorylation of the RTK; or 3) RTK signaling appropriates molecular effectors 

normally associated with the GPCR pathway, e.g. G proteins or β-arrestins. However, 
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additive and synergistic effects have been detected at times much later and at steps further 

downstream of agonist binding also. Pyne et al. (2) expanded these ideas of GPCR/RTK 

cross-talk when they introduced the concept that RTKs and GPCRs may reside in “signaling 

platforms” that permit bi-directional interactions. In their view, transactivation could occur 

both ways, i.e. RTK signaling can lead to activation, usually by phosphorylation, of a GPCR 

in addition to the reverse. Another possibility is that GPCR-RTK interactions could occur in 

these signaling platforms without a post-translational modification of either receptor by 

activation of one receptor causing activation-inducing conformational changes in the other 

receptor.

Interdependence between TSHR and IGF1R signaling has been reported in several non-

human thyroid-derived cell lines (4,5). Synergistic increases in DNA synthesis or cell cycle 

progression was observed in rodent-derived cell lines and dog thyrocytes following 

simultaneous activation of TSHR and IGF1R (5–7). In sheep thyrocytes, neither TSH nor 

IGF1 alone could stimulate thyroid function, whereas combination treatments could (7). A 

common theme emerging from these data is the idea that potentiating effects necessitated 

binding of exogenous agonists to both receptors, but this is not correct (see below). It is 

noteworthy that TSHRs and IGF1Rs have been found to physically interact in primary 

cultures of fibroblasts from the retro-orbital spaces of Graves’ orbitopathy (GO) patients 

(GOFs) and in normal human thyrocytes (8) suggesting that signaling platforms containing 

both receptors are present in human cells naturally expressing both receptors.

We will summarize the findings from our studies that address the concept of TSHR/IGF1R 

cross-talk in human thyrocytes and GOFs, and in a model cell over-expressing TSHRs in 

culture.

Pharmacology of TSHR and IGF1R signaling in primary cultures of human 

thyrocytes and GOFs

Because of IGF1’s role in growth and cancer, early reports of TSHR/IGF1R synergy in 

thyroid-derived cells lines focused on proliferative effects. However, whether TSH 

stimulates proliferation of human thyroid cells in vitro remains controversial (9), but it 

appears that the different findings depend on the culture conditions used in the experiments 

(10). Under the in vitro conditions used in our recent report, we (11) were unable to find 

increased proliferative activity stimulated by TSH or IGF1 in primary cultures of human 

thyrocytes. We found instead that TSH signaling led to thyrocyte differentiation and that 

IGF1 enhanced these effects (12). Specifically, IGF1 had an additive effect with TSH in the 

up-regulation of several thyroid-specific genes including thyroglobulin (TG), thyroid 
peroxidase (TPO) and deiodinase type 2 (DIO2) whereas IGF1 was synergistic with TSH in 

up-regulating sodium-iodide symporter (NIS) expression. More revealing were our 

observations of the effects of an IGF1R inhibitor, linsitinib, on stimulation by TSH alone. 

Linsitinib did not decrease the basal (or control) levels of TG or NIS nor the levels of TG 
stimulated by TSH. In contrast, linsitinib completely inhibited the up-regulation of NIS 
expression stimulated by TSH even in the absence of IGF1. These findings show that IGF1R 

participates in the TSH-induced increase in NIS expression, but not that of TG, in the 
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absence of added IGF1. The finding that linsitinib did not lower control NIS expression 

levels suggests that no IGF1 was present in the culture medium from an exogenous source or 

from cellular secretion. These data show that IGF1Rs participate in NIS up-regulation by 

TSH in the absence of IGF1 activation of IGF1R and support the idea that TSHR/IGF1R 

cross-talk occurs after specific activation of TSHR.

Synergistic effects of TSH and IGF1 have been found in primary cultures of GOFs also. We 

use stimulation of hyaluronan (hyaluronic acid, HA) production/secretion as a marker of 

activated GOFs as HA is a major component of the increased extracellular matrix found in 

patients with GO. TSHR activation by TSH results in a monophasic concentration-

dependent increase in HA secretion (13). IGF1 alone increases HA secretion also. Most 

interestingly, we found a marked shift in TSH potency when both TSH and IGF1 receptors 

were simultaneously activated by their cognate ligands (Fig. 1), and the magnitude of the 

shift was dependent on IGF1 concentration (13). In contrast, TSH did not affect the potency 

of IGF1 to stimulate HA secretion. Such a shift in TSH potency by IGF1 is consistent with 

the idea that the activity of TSHR can be modulated by activation of IGF1R at or proximal 

to TSHR. There was also a synergistic increase in the maximal stimulation of HA secretion 

when the highest concentrations of TSH and IGF1 were administered simultaneously. We 

used antagonists of TSHR and IGF1R signaling to provide additional evidence of 

interactions between TSHR and IGF1R (Fig. 2). We found that a TSHR antagonist fully 

inhibited HA secretion caused by TSH and partially inhibited HA secretion stimulated by 

IGF1. Conversely, an IGF1R antagonist linsitinib fully inhibited HA secretion caused by 

IGF1 and partially inhibited secretion stimulated by TSH. These data are consistent with the 

idea that in GOFs both TSHR activated by TSH and IGF1R activated by IGF1 cause 

interactions that lead to modulation of the other receptor but that both receptors when 

activated separately stimulate HA secretion by other pathways also.

Interactions between TSHR and IGF1R constitute receptor cross-talk

Despite evidence of TSHR/IGF1R functional interactions, the studies described above in 

human thyrocytes and GOFs did not delineate a mechanism for synergy caused by TSH and 

IGF1. (We define synergy as causing a more than additive effect when TSH and IGF1 are 

administered simultaneously or as a shift to higher TSH potency when IGF1 is present.) 

Indeed, the synergistic effects were detected by measuring cellular responses at times days 

after agonist binding to and activation of the receptors. These responses are many steps 

downstream of the activated receptors. As described above, cross-talk, which is rapid and 

takes place at or proximal to the receptor, may occur by the following mechanisms: 1) TSHR 

activation leads to the production IGF1 or IGF1R stimulates production of a TSHR agonist 

(unlikely) that then acts in an autocrine manner to activate the receptor; 2) TSHR signaling 

causes Tyr phosphorylation of IGF1R or IGF1R activation causes phosphorylation (or 

another post-translational modification) of TSHR and this modification modulates the 

activity of the receptor; or 3) IGF1R signaling appropriates molecular effectors normally 

associated with TSHR, e.g. G proteins, or vice versa and thereby activates signaling by the 

other receptor’s pathway.
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1) We have found no evidence of TSH or IGF1 in the media in which our cells are incubated 

in the absence of exogenous addition. 2) To our knowledge, no one has attempted to assess 

post-translational modification of TSHR resulting from IGF1R activity. Experiments in rat 

thyroid FRTL-5 cells detected tyrosine phosphorylation of IGF1R, the major initiating step 

in IGF1R signaling, in response to TSH stimulation (14). However, we could not detect any 

increase in IGF1R phosphorylation caused by TSH in human thyrocytes or GOFs (12,15). 3) 

We recently provided evidence that TSHR/IGF1R cross-talk occurs rapidly at a site more 

proximal to the receptors than had previously been appreciated (16). We found that TSHR 

stimulation of HA secretion was contingent on activation/phosphorylation of mitogen-

activated protein kinase 1/3 (ERK1/2) because inhibition by U0126 of the kinase that 

phosphorylates ERK1/2 inhibited HA secretion. Phosphorylation of ERK1/2 occurs rapidly 

at a site proximal to the receptors. Furthermore, the concentration-response curve for TSH 

stimulation of ERK1/2 phosphorylation exhibited a higher potency, that is, a lower 

concentration needed for half-maximal efficacy, when IGF1 was simultaneously 

administered. The shift in the concentration response curve to higher potency for TSH 

stimulation of ERK2 phosphorylation is similar to the shift previously shown for stimulated 

HA secretion (13). These findings are most consistent with the idea that TSHR/IGF1R 

interactions occur at or near the receptors. We then used a model system of cells 

overexpressing TSHRs (HEK-TSHR cells) to attempt to identify the step upstream of 

ERK1/2 phosphorylation in the signaling pathway. In these cells, we found that stimulation 

of ERK1/2 phosphorylation by TSH exhibited a monophasic concentration-response curve 

whereas in the presence of IGF1, TSH elicited a biphasic concentration-response with the 

generation of a high potency (low concentrations of TSH) phase of stimulation. This finding 

is similar to that which we observed in GOFs. We then showed that knockdown of Gi/Go 

proteins in HEK-TSHR cells inhibited the high potency phase of TSH stimulation that we 

observed in the presence of IGF1. Thus, IGF1R appears to use Gi/Go proteins to mediate 

synergy demonstrated by a shift in the concentration-response curve of ERK1/2 

phosphorylation.

Based on our findings in human thyrocytes, GOFs and HEK-TSHR cells, we suggest that the 

interaction between TSHR and IGF1R may involve mediation by Gi/Go proteins that are 

upstream members of the TSHR signaling cascade. These findings are consistent with the 

idea that TSHR/IGF1R cross-talk occurs via a mechanism similar to that described for other 

instances of GPCR/RTK cross-talk in which the RTK appropriates G proteins.

Implications of cross-talk for the treatment of GO

Our findings most relevant to the pathogenesis of GO were obtained when we studied 

signaling by a monoclonal TSHR-stimulating antibody, M22 (13,17). As shown above, the 

concentration-response curves for HA secretion stimulated by TSH and combined TSH and 

IGF1 in GOFs were monophasic. In contrast, M22 stimulated HA secretion in a biphasic 

concentration-dependent manner (Fig. 3). The high potency (low concentrations) phase 

accounted for approximately 30% of the maximal response. In the presence of the IGF1R 

inhibitor linsitinib, the concentration response curve was monophasic and was 

superimposable on the low potency (high concentrations) phase in the absence of linsitinib. 

These findings show that the high potency phase involved interactions with IGF1R (IGF1R-
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dependent) whereas the low potency phase did not involve IGF1R (IGF1R-independent). In 

contrast to the partial inhibition caused by linsitinib, M22 stimulation was totally inhibited 

by a TSHR antagonist. Hence, both phases of M22 stimulation are dependent on TSHR but 

only the high potency effect is dependent on IGF1R. The low potency, IGF1R-independent 

phase is initiated by TSHR but uses a separate signaling pathway. We recently showed 

directly that M22 binds specifically to TSHR and does not bind to IGF1R (15). Thus, it 

appears that both phases of M22 stimulation are mediated by M22 binding to and directly 

activating only TSHR and that the high potency, IGF1R-dependent phase is mediated by 

TSHR/IGF1R cross-talk. Hence, there are at least two different pathways through which 

TSHR stimulates HA secretion. Unlike what was described for TSH plus IGF1 interactions 

above, the high-potency M22 phase reveals a pathway that does not depend on ligand 

binding to IGF1R but still involves IGF1R. A model for the cross-talk initiated by M22 is 

shown in Figure 4. Its general applicability and relevance to pathology are interesting 

questions subject to future investigations.

We have shown that a small molecule TSHR antagonist can fully inhibit HA secretion by 

GOFs stimulated by M22, that is, the TSHR antagonist inhibits both phases of M22 

stimulation (18). In contrast, an IGF1R antagonist, such as, the small molecule antagonist, 

linsitinib, or an anti-IGF1R antibody, 1H7, can only partially inhibit stimulation by M22 

most likely because antagonism of the IGF1R only affects the high potency phase of 

stimulation. Nevertheless, studies using GOFs provided pre-clinical evidence for the use of 

an anti-IGF1R antibody, such as teprotumumab, in the treatment of GO (19–22). Recently, a 

clinical trial using teprotumumab was reported to be successful (23). We think that 

teprotumumab’s success likely resides in its ability to diminish TSHR/IGF1R cross-talk. 

However, we suggest that teprotumumab would not be as effective as TSHR antagonism and 

that the development of TSHR antagonists offer an attractive therapeutic approach for GO. 

Moreover, we have provided evidence that treatment aimed at both TSHR and IGF1R may 

have therapeutic advantages over treatment aimed at one of the two receptors (18). 

Specifically, combination therapy may be an effective strategy for dose reduction and/or to 

compensate for any loss of therapeutic efficacy at either receptor.

In conclusion, these findings show that TSH, IGF1 and M22 involve TSHR/IGF1R cross-

talk in their mechanisms of signal transduction. In view of these observations, we suggest 

that both TSHR and IGF1R are targets for medical therapy and that, perhaps, targeting both 

receptors simultaneously may improve the therapeutic index.

Abbreviations

TSHR Thyroid-stimulating hormone (TSH) receptor

IGF1R Insulin-like growth factor 1 (IGF1) receptor

GPCR G protein-coupled receptor

RTK receptor tyrosine kinase

GO Graves’ orbitopathy/ophthalmopathy
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TG thyroglobulin

TPO thyroid peroxidase

DIO2 deiodinase type 2

NIS sodium-iodide symporter

ERK1/2 mitogen-activated protein kinase 1/3

hyaluronic acid, HA hyaluronan
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Highlights

• Simultaneous activation of TSH and IGF1 receptors leads to synergistic 

responses

• TSH and IGF1 synergism occurs proximate to the receptors (“cross-talk”)

• A monoclonal TSAb activates TSHR/IGF1R cross-talk by binding only to 

TSHR
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Figure 1. Effects of IGF1 on TSH-stimulated hyaluronan secretion by GOFs
Adapted from (13). TSH/IGF1 synergy in hyaluronan (HA) secretion was demonstrated by 

the effects of IGF1 to concentration-dependently (a) increase the potency of TSH and (b) 

cause a more than additive increase in efficacy of maximal doses of TSH.
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Figure 2. Inhibition of TSH- and IGF1-stimulated HA secretion by TSHR antagonist C1 and 
IGF-1R antagonist linsitinib
Reprinted from (13). The TSHR inhibitor C1 fully inhibited TSH and partially inhibited 

IGF1 and TSH+IGF1 stimulation of HA secretion. The IGF1R inhibitor fully inhibited IGF1 

and partially inhibited TSH and TSH+IGF1 stimulation. *P<0.03, **P<0.001
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Figure 3. Effect of the monoclonal TSHR stimulatory antibody M22 on hyaluronan secretion in 
GOFs
Adapted from (13). M22 stimulated hyaluronan secretion (HA) in a biphasic manner. The 

higher potency (lower concentrations of M22) phase was inhibited by the IGF1R inhibitor 

linsitinib whereas the lower potency (higher concentrations of M22) was not inhibited. A 

TSHR antagonist inhibited both phases of M22 stimulation (not shown here).
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Figure 4. Proposed model for M22-initiated TSHR/IGF1R cross-talk in Graves’ orbital 
fibroblasts
Adapted from [18]. The M22 concentration-response of hyaluronan (HA) secretion is shown 

on the left. Both phases of the M22 response are initiated by binding only to TSHR. Phase 1 

is the high potency (low concentrations) phase and phase 2 is the low potency (high 

concentrations) phase. Within phase 1, M22 stimulation is dependent on IGF1 receptors 

(white arrows) whereas in phase 2 M22 stimulation is independent of IGF1R.
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