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A relationship between the actions of TSH and IGF-1 was first recognized several decades ago. The
close physical and functional associations between their respective receptors (TSHR and IGF-1R) has
been described more recently in thyroid epithelium and human orbital fibroblasts as has the
noncanonical behavior of IGF-1R. Here we report studies conducted in lung fibroblasts from female
wild-type C57/B6 (TSHR�/�) mice and their littermates in which TSHR has been knocked out (TSHR�/�).
Flow cytometric analysis revealed that cell surface IGF-1R levels are substantially lower in TSHR�/�

fibroblasts compared with TSHR�/� fibroblasts. Confocal immunofluorescence microscopy re-
vealed similar divergence with regard to both cytoplasmic and nuclear IGF-1R. Western blot anal-
ysis demonstrated both intact IGF-1R and receptor fragments in both cellular compartments. In
contrast, IGF-1R mRNA levels were similar in fibroblasts from mice without and with intact TSHR
expression. IGF-1 treatment of TSHR�/� fibroblasts resulted in reduced nuclear and cytoplasmic
staining for IGF-1R�, whereas it enhanced the nuclear signal in TSHR�/� cells. In contrast, IGF-1
enhanced cytoplasmic IGF-1R� in TSHR�/� fibroblasts while increasing the nuclear signal in TSHR�/�

cells. These findings indicate the intimate relationship between TSHR and IGF-1R found earlier in
human orbital fibroblasts also exists in mouse lung fibroblasts. Furthermore, the presence of TSHR
in these fibroblasts influenced not only the levels of IGF-1R protein but also its subcellular distri-
bution and response to IGF-1. They suggest that the mouse might serve as a suitable model for
delineating the molecular mechanisms overarching these two receptors. (Endocrinology 156:
4731–4740, 2015)

TSH binds to and activates the TSH receptor (TSHR),
which in turn functionally couples multiple G protein

subtypes (1–3). A complex pattern of cell signaling is ini-
tiated, depending in large part on the cell type being ex-
amined (1, 4). TSHR represents the dominant self-antigen
targeted uniquely in Graves’ disease (GD) by thyroid-stim-
ulating immunoglobulins (5). In addition to its well-es-
tablished and characterized role in the development and
function of the thyroid, TSHR has been detected more
recently in tissues and cell types peripheral to the gland (6,
7) in which its signaling characteristics have been partially
characterized. Furthermore, a potential role for the recep-

tor expressed by orbital fibroblasts in the pathogenesis of
the ocular manifestation of GD, called thyroid-associated
ophthalmopathy (TAO), has been proposed (7, 8).

Unlike TSHR, the IGF-1 receptor (IGF-1R) is a ubiq-
uitous membrane-spanning tyrosine kinase receptor with
two dissimilar subunits (9). It plays important roles in
growth and cell survival. Several pieces of evidence have
suggested a close physical and functional relationship be-
tween the TSHR and IGF-1R (10). For instance, IGF-1
enhances the actions of TSH in thyroid epithelial cells and
alters the balance between levels of TSH and thyroid hor-
mones in serum in vivo (11, 12). Thus, there exists reason
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to further investigate the nature of this putative functional
relationship between these two receptors.

We have reported previously that TSHR and IGF-1R
colocalize in human thyroid epithelial cells, orbital fibro-
blasts, and orbital fat derived from individuals with TAO
(10). Furthermore, when treated with either IgGs from
patients with GD (GD-IgG) or IGF-1, a fragment of
IGF-1R containing an epitope located in the IGF-1R� sub-
unit translocates from the cell membrane to the nucleus, a
process requiring the activities of the protease, a disinteg-
rin and metalloproteinase domain 17 (13). This translo-
cation of IGF-1R was absent in orbital fibroblasts from
healthy donors. Inhibition of IGF-1R activity with blocking
monoclonal antibodies dampens not only signaling initiated
at IGF-1R but also the induction by TSH of several cytokines
in human orbital fibroblasts and CD34� fibrocytes (10, 14).
That property has led to an ongoing multinational, multi-
centertherapeutictrialexaminingthebenefitsoftheblocking
anti-IGF-1R monoclonal antibody, teprotumumab (http://
clinicaltrials.gov/show/NCT01868997) in treating severe,
active TAO.

In the current study, lung fibroblasts isolated from ho-
mozygous TSHR�/� C57/B6 female mice and their wild-
type TSHR�/� littermates were examined for IGF-1R ex-
pression, subcellular localization, and responses in vitro to
IGF-1. Our aim was to examine the impact of the presence
and absence of TSHR on the expression and cellular dis-
tribution of IGF-1R, a topic that has yet to be clarified in
the literature. We report here that untreated TSHR�/�

mouse lung fibroblasts express equivalent levels of IGF-1R
mRNA but display substantially lower levels of IGF-1R pro-
tein than do their TSHR�/� counterparts. The cellular dis-
tribution of the protein after treatment with IGF-1 differs in
fibroblasts, depending on whether they express TSHR. In
TSHR�/� fibroblasts, IGF-1 enhances nuclear IGF-1R� lev-
els while diminishing both cytoplasmic and nuclear signal in
TSHR�/� cells. In contrast, IGF-1 enhances cytoplasmic

IGF-1R� inTSHR�/� fibroblastswhile increasing itsnuclear
content inTSHR�/� cells.These findings support thegeneral
concept that a functional relationship between TSHR and
IGF-1R exists in mouse fibroblasts. Furthermore, TSHR ap-
pearstodeterminethesubcellulardistributionofIGF-1Rand
its response to IGF-1.

Materials and Methods

Materials
DMEM containing 4.5 g/L D-glucose and L-glutamine (catalog
number 11965-092), fetal bovine serum (FBS) (catalog number
16000-044), penicillin/streptomycin (catalog number 15140-
122), trypsin-EDTA (catalog number 25200-056), and IGF-1 (cat-
alog number PHC0815) were supplied by Life Technologies-
Invitrogen.

Animals
TSHR-knockout (KO) mice were purchased from Jackson

Labs (strain B6;129S1-TSHRtm1Rmar/J, catalog number 004858,
http://jaxmice.jax.org/strain/004858.html) (15). TSHR�/� and
TSHR�/� C57/B6 mice derived from common breeding pairs.
All animals were genotyped and RNA typed for assignment con-
firmation. TSHR�/� mice were weaned at 21 days, whereas
TSHR�/� mice were weaned at 28–30 days as described (15). All
mice were maintained on Mod PicolLab Rod containing 100
ppm powdered thyroid hormone (catalog number 44099; Fron-
tier). A total of 17 TSHR�/� and 19 TSHR�/� female mice were
used in the studies described. They were between 7 and 9 weeks
of age and weighed 18–22 g at the time of the tissue harvest. They
were anesthetized and/or euthanized according to the guidelines
of the University of Michigan University Committee on the Use
and Care of Animals.

Animal genotyping
All primers used in these studies were designed with P3

Primer Design online software (http://bioinfo.ut.ee/primer3/)
and DNAstar software (DNAstar Inc) and are listed in Table 1.
They were synthesized by Life Technologies. Reactions were op-
timized with temperature gradients from 55°C to 70°C. They

Table 1. Primers Used

Reaction Type Target Primers Sequence (5�–3�)
Annealing
Temperature, ºC

Product
Size, bp

Real-time PCR IGF-R1 � IGF-R1 forward CAAGCTGTGTGTCTCCGAAA 56 161
IGF-R1 reverse TGATTCGGTTCTTCCAGGTC

GAPDH GAPDH forward CATGGCCTTCCGTGTTCCTA 56–63.4 111
GAPDH reverse GCGGCACGTCAGATCCA

TSHR (exons 6–7) TSHR exon 6 forward TCCCTGAAAACGCATTCCA 63.4 111
TSHR exon 6 reverse GCATCCAGCTTTGTTCCATTG

Genotyping WT primers 1 TSHR exon 1 forward 1 TGCACCCGGGTCTCTTCCAGC 63.4 241
TSHR exon 1 reverse 2 AGGCTGGGGATTCGGTGGAGC

WT primers 2 TSHR exon 1 forward 2 CAGGGCACTGAGAATGTGGCGA 63.4 212
TSHR exon 1 reverse 2 AGGCTGGGGATTCGGTGGAGC

TSHR-KO primers KO forward AAGTTCATCTGCACCACCG 63.4 170
KO reverse TCCTTGAAGAAGATGGTGCG

4732 Atkins et al IGF-1 Receptor Depends on TSH Receptor Endocrinology, December 2015, 156(12):4731–4740

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/156/12/4731/2423175 by guest on 23 April 2024

http://clinicaltrials.gov/show/NCT01868997
http://clinicaltrials.gov/show/NCT01868997
http://jaxmice.jax.org/strain/004858.html
http://bioinfo.ut.ee/primer3/


were performed with iQ SYBR Green Supermix (catalog number
170-8884; Bio-Rad Laboratories).

Thyroid and lung isolation and fibroblast
cultivation

Thyroidwas isolatedbyplacing theanimalon thedorsumand
an incision was made exposing the soft tissues of the neck. Thy-
roids were removed from the trachea and placed in Bio-Rad lysis
buffer (Bio-Rad Laboratories), sonicated, and RNA extracted.
Lungs were blanched with sterile PBS and excised in sterile
Hanks’ balanced salt solution (catalog number 14025-076; Life
Technologies). Tissue was minced and digested enzymatically in
Hanks’ balanced salt solution containing collagenase type III
(49.2 mg per lung, catalog number LS004208; Worthington),
deoxyribonuclease (375 �g per lung, catalog number LS002058;
Worthington), and 2% FBS for 90 minutes at 37°C with gentle
agitation. Cell suspensions were filtered through 100-�m filters
(catalog number 352360; BD Biosciences), centrifuged at 670 �
g, and the resultant pellet resuspended in DMEM and used to
inoculate T-175 flasks. Monolayers were covered with DMEM
supplemented with 20% FBS and antibiotics, which was re-
placed every 3–4 days. These were serially passaged with trypsin/
EDTA and cryopreserved in liquid nitrogen until used in
experiments.

RNA preparation and real-time PCR
Cellular RNA was extracted using Aurum Total RNA mini

kit (catalog number 732-6820; Bio-Rad Laboratories) and re-
verse transcribed using a QuantiTect reverse transcription kit
(catalog number 205314; QIAGEN). RT-PCR was performed
with either a CFX96 or a 384-well real-time PCR detection sys-
tem (Bio-Rad Laboratories). Data were analyzed using Bio-Rad
CFX software (Bio-Rad Laboratories). Sample values were
generated against a standard curve and normalized to their re-
spective glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
signals.

Flow cytometry
Cell monolayers were washed, mechanically disrupted, and

stained with the relevant primary antibodies (Table 2). They
were suspended in PBS containing 2% FBS. Incubations with
antibodies were conducted at 4°C for 30 minutes followed by
extensive washing. For collagen I staining, cells were treated with
CytoFix/CytoPerm (catalog number 51-2090KZ; BD Biosci-
ences) and incubated with a biotinylated goat antihuman colla-

gen I polyclonal antibody (catalog number AB758B; Millipore).
Flow cytometry was performed using an LSRII instrument (BD
Biosciences). At least 5 � 105 events were collected. Mean flu-
orescent intensity (MFI) was calculated as a ratio of mean fluo-
rescence sample per isotype fluorescence. Percentage positive ex-
pression was defined as the fraction of cells with increased
fluorescent intensity compared with an isotype control.

Immunofluorescence confocal microscopy
Fibroblasts were inoculated on 3-cm glass coverslips in six-

chamber arrays and covered with DMEM with 20% FBS. These
were incubated for at least 3 days and were then shifted to
DMEM with 10% FBS. Cells were fixed in 4% paraformalde-
hyde and blocked with PBS containing 3% goat serum and 0.2%
Triton X-100 for 30 minutes at room temperature. Cells were
then incubated with primary antibodies in 1% goat serum and
0.2% Triton X-100 overnight at 4°C. After the washes, they
were incubated with secondary antibodies for 60 minutes at
room temperature. They were then mounted with ProLong Gold
antifade reagent with 4�,6-diamidino-2-phenylindole (catalog
number P36931; Life Technologies) or propidium iodide (PI)
(Vectashield with PI, catalog number H-1300; Vector Labs) and
subjected to confocal microscopy (Leica SP5 confocal micro-
scope; Leica).

Image analysis
IGF-1R-� and IGF-1R-� fluorescent signals were quantified

as follows: confocal z-stack images were opened with Volocity
software (version 4.4; PerkinElmer), and individual fibroblasts
were isolated from neighboring cells with an imbedded selection
and cropping tool. The cropped cell images were exported from
Volocity as OME TIFF files and imported into Imaris software
(version 7.7.2; Bitplane USA). Imaris was used to isolate nuclear
and cytosolic-specific IGF-1R-� and IGF-1R� expression, al-
lowing quantification and comparison of the mean IGF-1R sig-
nal intensity between nuclei and cytosol. For each cell, three
separate, 3-dimensional surfaces were made, with the surface of
the nucleus being created first. Local contrast was used (back-
ground subtraction tool) to set the threshold for the nuclear
specific PI staining to accurately mark the nucleus. The nuclear
surface was then used to isolate nuclear and cytosolic-specific
IGF-1R/PI signals. The nuclear IGF-1R signal was isolated by
setting voxels outside the nuclear PI surface to zero, whereas
voxels inside the nucleus maintained their fluorescence intensity
values. The cytosolic IGF-1R signal was isolated by setting vox-
els inside the nuclear PI surface to zero, whereas voxels through-
out the cytosol maintained their fluorescence intensity values.
Surfaces were then rendered around the newly created fluores-
cent channels of the nuclear and cytosolic IGF-1R signals. Local
contrast was used to define the surfaces and the intensity. Thresh-
old was set to accurately encompass the IGF-1R signals. The
same threshold settings for PI and IGF-1R surfaces were used for
all cells analyzed. The MFI values were exported from Imaris and
into an Excel spreadsheet for all IGF-1R surfaces and used to
compare expression levels between the treatment groups. Data
are expressed as mean � SD.

Subcellular fractionation and Western blotting
Confluent fibroblasts were rinsed in PBS and subjected to

cytosolic and nuclear protein extractions using the NE-PER ex-

Table 2. Primary Antibodies

Antibody Company
Catalog
Number Dilution

Flow cytometry
Goat �-collagen 1 Millipore AB758B 1:100
FITC streptavidin BD Biosciences 554060 1:100
IGF-1R� (3B7) PE Santa Cruz SC-462 1:40

Immunofluorescence
Rabbit anti-IGF-1R� Santa Cruz sc-712 1:100
Rabbit anti-IGF-1R� Santa Cruz sc713 1:100
Donkey anti-rabbit

IgG Alexa fluor 488
Life Technologies A21206 1:1200

Abbreviation: FITC, fluorescein isothiocyanate.
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traction kit (catalog number 78833; Thermo Fisher Scientific).
These were quantified using a DC Protein Assay Kit I (catalog
number 500-0111; Bio-Rad Laboratories) and boiled in Laem-
mli buffer. Protein (50 �g) was loaded on 4%–20% triglycine
gels and subjected to SDS-PAGE and transferred to a polyvinyl
difluoride membrane (catalog number IPFL00010�; Millipore).
Membranes were blocked with 5% milk for 3 hours, washed,
and incubated with primary antibody rabbit anti-IGF-1R� (1:
1000, catalog number sc-712) and rabbit anti-IGF-1R� (1:1000,
catalog number sc-713; Santa Cruz Biotechnology) overnight
4°C in 5% milk. Washed membranes were incubated with horse-
radish peroxidase-conjugated antirabbit secondary antibody (1:
2000 dilution, catalog number 7047; Cell signaling). For the
pAkt time course, confluent fibroblast monolayers were shifted
to medium with 1% FBS and stimulated with IGF-1 (10 nM) for
the graded interval indicated (see Figure 5). Monolayers were
extracted with buffer (FNN0011; Invitrogen/Thermo Fisher),
quantified, and electrophoresed as above. They were probed
with antiphospho-Akt (Thr308) (1:1000, catalog number 9275;
Cell Signaling). An enhanced chemiluminescence reagent (cata-
log number 32106; Thermo Fisher) was used for signal devel-
opment. Anti-�-actin (1:1000, catalog number 3700; Cell Sig-
naling) and anti-c-Jun (1:1000, catalog number sc-44; Santa
Cruz Biotechnology) were used as loading controls (Table 2).

Statistics
The results are expressed as the mean � SD. A value of P �

.05 was considered significant. ANOVA and post hoc Holm-
Šídák (16–18) were used to test for a trend of change over time
or to test for differences among groups. Plots and statistical cal-
culations were performed in GraphPad Prism 6 (GraphPad Soft-
ware, www.graphpad.com) and JMP Pro version 10.0.1 (SAS
Institute Inc, 1989–2007).

Results

Lung fibroblasts express TSHR and IGF-1R mRNA
Initial studies focused on determining the expression of

TSHR and IGF-1R mRNA in lung fibroblasts. As the data
in Figure 1A demonstrate, TSHR mRNA was substan-
tially more abundant in thyroid tissue from wild-type an-
imals than in fibroblasts from those mice (425-fold). The
transcript was undetectable in both thyroid and fibro-
blasts from TSHR�/� mice, as anticipated. IGF-1R
mRNA was also expressed at dramatically higher levels in

Figure 1. IGF-1R expression in TSHR�/� and TSHR�/� female mouse thyroid and lung fibroblasts. A and B, Thyroid tissues were harvested from
mice and RNA immediately extracted as described in Materials and Methods. Lung fibroblasts were allowed to proliferate to confluence, harvested,
processed, and cellular RNA extracted as described in Materials and Methods. Each sample was reversed transcribed and subjected to real-time
PCR for TSHR (A) or IGF-1R (B) mRNA. Data are expressed as the mean � SD of three replicates. Data from lung fibroblasts represent those from
five mice in each group. ND, not detected. C and D, Flow cytometric analysis of cell surface IGF-1R and intracellular collagen 1 in TSHR�/� and
TSHR�/� lung fibroblasts. C, Aggregate results, expressed as MFI from five fibroblast strains, each from a separate animal. Data are expressed as
the mean � SD. D, Individual examples of cytometric gating strategies used in analyses the results from which comprise panel C.
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thyroid tissue than in lung fibroblasts (�1000-fold, Figure
1B). It was significantly lower in the thyroids from
TSHR�/� mice than from their wild-type littermates
(19%, P � .001). In contrast, IGF-1R mRNA was ex-
pressed at equivalent levels in lung fibroblasts from
TSHR�/� and TSHR�/� animals (Figure 1B).

Unlike IGF-1R mRNA levels, the fibroblast surface dis-
play of IGF-1R was significantly lower in those from
TSHR�/� mice compared with fibroblasts from TSHR�/�

animals as determined by flow cytometry (Figure 1C). The
levels of IGF-1R density, expressed as MFI, were found to
differ substantially in fibroblasts with the two genotypes.
Receptor density was 1.6-fold lower in TSHR�/� fibro-
blasts compared with their wild-type counterparts (P �

.02). The gating strategy for this interrogation is demon-
strated in Figure 1D. Thus, despite similar levels of IGF-1R
mRNA levels, surface receptor levels are significantly
lower in TSHR�/� fibroblasts.

Cellular distribution of IGF-1R in TSHR�/� and
TSHR�/� lung fibroblasts

Given the divergence in surface display of IGF-1R, we
next examined the intensity and subcellular distribution us-
ing monoclonal antibodies (Abs) targeting epitopes on IGF-
1R� and IGF-1R� subunits. The overall intensities of im-
munoflorescent signals from anti-IGF-1R� (Figure 2) and
anti-IGF-1R� Abs (Figure 3) are substantially lower in
TSHR�/� fibroblasts compared with cells expressing TSHR.
This divergence is apparent in both cytoplasmic and nuclear
compartments. In untreated TSHR�/� and TSHR�/� fibro-
blasts, IGF-1R� can be detected in both the nucleus and cy-
toplasm, with considerably higher levels found in the former
compartment. IGF-1 (100 ng/mL) for 16 hours reduced IGF-
1R� MFI in both the nuclei and cytoplasm of TSHR�/� fi-
broblasts (Figure 2, P 	 .0216 and P � .0002, respectively).
In contrast, IGF-1 increased the nuclear IGF-1R� signal in
TSHR�/� fibroblasts, whereas the levels in the cytosol re-
mained unchanged. With regard to IGF-1R�, untreated
TSHR�/� fibroblastcytoplasmstains farmore intensely than
does that of TSHR�/� fibroblasts (Figure 3, 82%, P �

.0001).Nuclearstaininginthetwountreatedfibroblast types
is more equivalent. IGF-1 enhances the cytoplasmic IGF-
1R� staining in TSHR�/� fibroblasts (60%, P 	 .0234),
whereas a smaller increase in the nuclei of TSHR�/� fibro-
blasts failed to reach statistical significance (23%, P 	

.1983). In contrast, IGF-1 enhances IGF-1R� nuclear stain-
ing in TSHR�/� fibroblasts (23%, P � .0138), whereas a
small increase in the cytoplasmic staining was insignificant
(5%, P � .9989). It would thus appear that the expression of
TSHR exerts a substantial impact on the subcellular distri-
butionandlevelsof IGF-1Rin lungfibroblasts.Furthermore,

TSHR also determines the pattern of IGF-1R after exposure
to IGF-1.

Cell fractionation studies were next conducted to de-
termine whether the cytoplasmic and nuclear compart-
ments contained intact or fragmented IGF-1R, as had been
detected in human orbital fibroblasts (Figure 4) (13). In
both TSHR�/� and TSHR�/� fibroblasts, evidence of in-
tact receptor migrating at 200 kDa as well as IGF-1R�

(130 kDa) could be detected in the cytoplasm and at some-
what lower levels in the nucleus. In contrast, IGF-1R� (97
kDa) was abundant in the cytoplasm but barely detectable
in the nucleus of either fibroblast type. This pattern of
IGF-1R� is consistent with the very low nuclear levels
found earlier in human orbital fibroblasts (13).

Impact of TSHR on IGF-1R signaling
The effects of IGF-1 on Akt phosphorylation were next

compared in TSHR�/� and TSHR�/� fibroblasts (Figure
5). As the Western blots demonstrate, levels of pAkt were
increased in both fibroblast types after exposure to IGF-1
(100 ng/mL) in a time-dependent manner. Levels achieved
at each time point were substantially lower in TSHR�/�

fibroblasts than in their TSHR�/� counterparts.

Discussion

The array of biological functions attributed to TSHR con-
tinues to expand as mounting evidence suggests that its
expression outside the thyroid may have biological con-
sequence (6, 19, 20). Detail concerning the molecular con-
text in which TSHR is expressed and initiates signals and
how this might vary in different cell types and tissues is
emerging. For instance, regulation of TSHR expression by
TSH in 3T3 cells appears distinct from that in FRTL-5
thyroid cells (21). The apparently close relationship be-
tween TSHR and other signaling proteins suggests that
TSH may exert influence on signaling pathways not tra-
ditionally associated with thyroid economy. Furthermore,
these peripheral pathways intersecting with those down-
stream from the TSHR may be necessary for a subset of
TSH actions. With specific regard to connective tissue, it
remains uncertain what physiological roles TSHR might
play. In fibrocytes and orbital fibroblasts, TSH and
thyroid-stimulating immunoglobulins induce several cy-
tokines (22, 23). Given their participation in tissue reac-
tivity, remodeling, and repair, it seems reasonable to spec-
ulate that TSHR on fibrocytes may represent an important
link between immunity and endocrine regulation.

The repertoire of recognized cellular processes attrib-
uted to IGF-1R regulation has also widened as examina-
tion of its pattern of expression and signaling character-
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istics has been undertaken. Its functions while membrane
anchored are dependent on its tyrosine kinase activities,
which set into motion signaling down multiple pathways
involved in cell differentiation, survival, growth, and im-
mune function (24, 25). Several reports have appeared
recently demonstrating that IGF-1R can localize to the cell
nucleus (26). Among these, evidence has surfaced indicating

that the receptor might regulate specific target gene expres-
sion. One study identified IGF-1R translocation to the peri-
nuclear compartment and then to the nucleus (27). The pro-
posed model involves IGF-1 provoking SUMOylation of
IGF-1R by small ubiquitin-like modifier protein-1 in
which the receptor protein associates with enhancer ele-
ments and up-regulates target gene transcription (27).

Figure 2. Analysis of IGF-1R� subcellular distribution by immunofluorescence in TSHR�/� and TSHR�/� mouse lung fibroblasts. A–D,
Immunofluorescence staining for IGF-1R� (green and yellow) and PI (red, insets) demonstrates cellular localization of the receptor protein by
confocal microscopy in lung fibroblasts isolated from TSHR�/� (panels A and B) and TSHR�/� mice (panels C and D). Fibroblasts were inoculated
on coverslips as described in Materials and Methods. Cells were either left untreated (panels A and C, control) or were treated with 100 ng/mL
IGF-1 for 16 hours (panels B and D, IGF-1). Yellow signal represents nuclear IGF-1R� colocalizing with PI and green represents cytosolic
localization. Isotype control Abs (panels B and D, insets) demonstrate an absence of background labeling. Fluorescence intensities of the cytosolic
(E) and nuclear (F) compartments and the ratios (G) of the signal intensities in the two cellular compartments were quantified. Intensity
measurements from five different cells from each group were used in the analysis. Data are expressed as mean � SD. Bar, 30 �m.
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Warsito et al (28) demonstrated nuclear IGF-1R could
associate with the transcription factor lymphoid enhancer
binding factor 1 and in so doing enhanced cyclin D1 and
axin2. Inbreast cancer cells, nuclear IGF-1Rautoregulates

expression of its own gene (29). We have also reported that
IGF-1 and circulating Abs from patients with GD can pro-
voke translocation of membrane-associated IGF-1R to the
nucleus in TAO orbital fibroblasts but not in cells from

Figure 3. Analysis of IGF-1R� cellular distribution by immunofluorescence in TSHR�/� and TSHR�/� mouse lung fibroblasts. A–D,
Immunofluorescence staining for IGF-1R� (green and yellow) and PI (red, insets) demonstrates cellular localization of the receptor protein by
confocal microscopy in lung fibroblasts isolated from TSHR�/� (panels A and B) and TSHR�/� mice (panels C and D). Fibroblasts were inoculated
on coverslips as described in Materials and Methods. Cells were either left untreated (panels A and C, control) or were treated with 100 ng/mL
IGF-1 for 16 hours (panels B and D, IGF-1). Yellow signal represents nuclear IGF-1R� colocalizing with PI and green represents cytosolic
localization. Isotype control Abs (panels B and D, insets) demonstrate an absence of background labeling. Fluorescence intensities of the cytosolic
(E) and nuclear (F) compartments and the ratios (G) of the signal intensities in the two cellular compartments were quantified. Intensity
measurements from five different cells were used in the analysis in the TSHR�/� group, whereas four were used from the TSHR�/� cultures. Data
are expressed as mean � SD. Bar, 30 �m.
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healthy donors (13). The functional consequences of nu-
clear accumulation of the entire receptor or its fragments
remain to be fully determined.

Among the first reports of a functional relationship ex-
isting between TSHR and IGF-1R were those of Ingbar
and colleagues (30). They recognized that IGF-1 enhances
TSH actions in cultured FRTL-5 thyroid cells in which
both insulin and IGF-1 synergistically enhance the effects

of TSH on cell proliferation (30). De-
ficiency of IGF-1R in thyroid epithe-
lium results in reduced sensitivity to
TSH in vivo (12) but can be compen-
sated for by higher serum levels of
TSH (31). In contrast, overexpres-
sion in the thyroid of both IGF-1 and
IGF-1R reduces the requirement for
TSH (11). It is currently unknown
whether the canonical tyrosine ki-
nase functions of IGF-1R or those ac-
tivities arising from its intracellular
redistribution and nuclear accumu-
lation underlie the influences the re-
ceptor exerts on TSH actions. None
of these earlier studies examined the
impact of an absence of TSHR on the
expression or subcellular localiza-
tion of IGF-1R. Therein lies the ra-
tionale for the current studies, which
are now extended to mouse cells. Be-
sides their informing on receptor dis-
tribution, the current studies also
suggest that the effects of IGF-1in fi-
broblasts might be enhanced in the
absence of TSHR (Figure 5). Further
studies will be required to determine
the mechanisms underlying the more
robust activation of Akt in TSHR�/�

fibroblasts and whether this influ-
ences the downstream genes responsive to IGF-1.

The findings we report here suggest that IGF-1R pro-
tein expression, subcellular distribution, and response to
IGF-1 in mouse lung fibroblasts are influenced by the mere
presence or absence TSHR. Furthermore, the divergent
abundance of IGF-1R in TSHR�/� and TSHR�/� fibro-
blasts appears to be orchestrated through an as-yet-un-
identified posttranslational mechanism. These studies

demonstrate that IGF-1 diminishes
cytoplasmic and nuclear IGF-1R�

staining in TSHR�/� fibroblasts,
whereas nuclear IGF-1R� signal is
enhanced in these cells. In contrast,
IGF-1 enhances nuclear IGF-1R�

staining in TSHR�/� fibroblasts.
Thus, TSHR acts as a determinant of
IGF-1R levels and subcellular distri-
bution in mouse fibroblasts. In some
respects, these findings are congru-
ent with findings reported earlier in
human orbital fibroblasts. Pritchard
et al (32) found IGF-1R overexpres-

Figure 5. Time course of Akt phosphorylation in response to IGF-1 in TSHR�/� and TSHR�/�

fibroblasts. Fibroblasts were grown to confluence and treated as described in Materials and
Methods with IGF-1 (100 ng/mL) for the times indicated along the abscissas. Monolayers were
collected and subjected to Western blot analysis for pAkt. Densities were corrected for their �-
actin controls. Relative densities were as follows: time 0, TSHR�/� 0.23, TSHR�/� 0.22; time 5
minutes, TSHR�/� 0.70, TSHR�/� 1.62; 15 minutes, TSHR�/� 0.61, TSHR�/� 1.46; and 30
minutes, TSHR�/� 0.86, TSHR�/� 2.50.

Figure 4. Western blot analysis of IGF-1R content in cytoplasm and nucleus of TSHR�/� and
TSHR�/� fibroblasts. Fibroblasts were subjected to subcellular fractionation and proteins
extracted, as described in Materials and Methods. Proteins were loaded on 4%–20% triglycine
gels and subjected to SDS-PAGE. Separated proteins were then probed by Western blotting with
anti-IGF-1R� and anti-IGF-1R� Abs.
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sion in TAO orbital fibroblasts compared with fibroblasts
from healthy tissues. Subsequent studies identified the
physical association between IGF-1R and TSHR and that
inhibition of the former results in the attenuation of TSH-
provoked signaling to target genes such as proinflamma-
tory cytokines (10, 14). A later report by Hoa et al (13)
described the cellular redistribution of IGF-1R after ex-
posure to IGF-1 in TAO orbital fibroblasts. But those ear-
lier studies did not examine the influence of TSHR on the
behavior of IGF-1R. This as-yet-unexplored aspect of
TSHR/IGF-1R interactions has thus prompted our current
studies in which TSHR is knocked out. Taken in aggregate
with findings in human fibroblasts (10), it appears that the
interplay occurring between the two receptors may carry
complex functional consequences. Identification of the
molecular events downstream from the redistribution of
IGF-1R and whether the set of IGF-1 targeted genes is
altered by an absence of TSHR will require additional
studies.
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