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Context: TSH provokes expression of inflammatory genes in CD34� fibrocytes. These cells appear
to infiltrate the orbit in Graves’ disease (GD), where they putatively become the CD34� orbital
fibroblast subset (GD-OF). This may have importance in solving the pathogenesis of thyroid-asso-
ciated ophthalmopathy. The IL-1 family is targeted by TSH in fibrocytes and OFs by inducing
secreted IL-1 receptor antagonist (IL-1RA) and intracellular IL-1RA in a cell-specific pattern. Phos-
phoinositide 3-kinase (PI3K) mediates several TSH actions in thyroid. This pathway is modulated by
phosphatase and tensin homolog deleted on chromosome 10 (PTEN). Vanishingly little is known
currently about TSHR signaling to IL-1RA expression in nonthyroidal cells. Furthermore, factors
modulating TSH action in these cells are largely unexplored.

Objectives: To characterize intermediate signaling between TSHR and IL-1RA in fibrocytes and
GD-OFs and to begin to identify the proximate regulators of TSHR signaling in nonepithelial,
extrathyroidal cells as a strategy for developing therapies for thyroid-associated ophthalmopathy.

Design/Setting/Participants: Fibrocytes and GD-OFs were collected and analyzed from healthy
individuals and those with GD in an academic clinical practice.

Main Outcome Measures: Real-time PCR, Western blot analysis, cell transfections, and chromatin
immunoprecipitation analysis.

Results: TSH induces IL-1RA in fibrocytes and GD-OFs by activating the PI3K/AKT pathway. Inter-
rupting either PI3K or AKT with small molecule inhibitors or by knocking down their expression
with targeting small interfering RNA attenuates the actions of TSH. OFs exhibit greater basal PTEN
activity and lower constitutive AKT phosphorylation than do fibrocytes. Patterns of PTEN induction
diverge in the two cell types.

Conclusions: The current findings identify the PI3K/AKT pathway as critical to the induction by TSH
of IL-1RA in fibrocytes and GD-OFs. Furthermore, PTEN modulates the amplitude of the induction.
In GD-OFs, relatively high basal PTEN levels prevent secreted IL-1RA expression or release. Knocking
down PTEN allows GD-OFs to exhibit a pattern of IL-1RA expression resembling fibrocytes. (J Clin
Endocrinol Metab 99: 3363–3372, 2014)

Graves’ disease (GD) is an autoimmune syndrome (1)
sometimes accompanied by its ocular manifesta-

tion, also known as thyroid-associated ophthalmopathy
(TAO) (2). TAO is an inflammatory process characterized

by connective tissue remodeling, which can culminate in
fibrosis. Orbital fibroblasts (OFs) are currently thought to
orchestrate the tissue pathology that is initiated by the
recruitment of lymphocytes. They comprise a mixture of
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phoinositide 3-kinase; PKC, protein kinase C; pPTEN, phosphorylated PTEN; PTEN, phos-
phatase and tensin homolog deleted on chromosome 10; sIL-1RA, secreted IL-1RA; siRNA,
small interfering RNA; TAO, thyroid-associated ophthalmopathy; TSHR, TSH receptor.
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CD34� and CD34� cells in which the CD34� fibroblast
subset appears to derive from circulating CD34� mono-
cyte lineage fibrocytes (3). The first description of fibro-
cytes by Bucala et al (4) identified a cell type that plays an
integral role in tissue remodeling. The phenotype of fibro-
cytes resembles that of both fibroblasts and monocytes on
the basis of cell surface markers (5). In several experimen-
tal models of injury, they infiltrate affected tissue and ap-
pear to interact with residential fibroblasts and with other
mononuclear cells recruited from the circulation (6, 7). In
response to cytokines such as CD154 and IL-1�, fibro-
cytes express IL-8, IL-6, IL-1�, IL-1�, IL-12, and TNF-�
(3, 8–10). We reported recently that fibrocytes express
TSH receptor (TSHR), a G protein-coupled cell surface
protein (3, 9). Activation of TSHR displayed on these cells
leads to increased inflammatory gene expression (3, 9, 10).
A major consequence of IL-1� and TSH-initiated signaling
in fibrocytes is the induction of secreted and intracellular
IL-1 receptor antagonists (sIL-1RA and icIL-1RA, respec-
tively) (11, 12). Furthermore, fibrocytes exhibit a different
pattern of IL-1RA induction compared to GD-OFs, de-
spite the apparent derivation of the CD34� subset from
these cells (11–14). This is particularly important because
IL-1RA serves a critical function as the endogenous mod-
ulator of the entire IL-1 pathway. In so doing, it serves as
a critical governor of the intensity and duration of the
inflammatory response.

TSHR signaling is complex in thyroid epithelium and is
mediated through the activation of adenylate cyclase and
generation of cAMP as well as the phosphoinositide 3-ki-
nase (PI3K) pathway (15–18). This then leads to activa-
tion of downstream kinases such as protein kinase C
(PKC) and AKT (PKB). The PI3K/AKT pathway plays an
important role in cellular functions regulatinghostdefense
and immune response, including cell migration, phagocy-
tosis, and apoptosis. Unlike GD-OFs, fibrocytes do not
express detectable adenylate cyclase and thus fail to gen-
erate cAMP in response to TSH (19, 20). Furthermore,
neither Gq nor Gs is consistently expressed in these cells.
In contrast, PKC�II, a conventional PKC isozyme, and
AKT become phosphorylated in fibrocytes, promote the
activation of transcription factors CREB and NF-�B, and
lead to the expression of IL-6 (19).

The PI3K/phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) signaling pathway has been
shown to regulate innate immune reactions and thus re-
quires tight modulation. PTEN represents an important
tumor suppressor gene that acts as a negative regulator of
the PI3K pathway by depleting levels of phosphatidylino-
sitol-3,4,5-trisphosphate (21, 22). PTEN is essential for
regulation of both basal and growth factor-stimulated
PI3K-mediated signaling (23). It generally inactivates the

PI3K/AKT pathway and is therefore an important gate-
keeper for many growth factor-dependent actions. PTEN
is itself regulated tightly through phosphorylation, ubiq-
uitination, and the X-linked inhibitor of apoptosis pro-
tein, which govern the availability of PTEN and thus in-
fluence its phosphatase activity (24, 25). PTEN represents
an essential determinant of apoptosis by virtue of its mod-
ulation of PI3K/AKT/FRAP/mTOR (26). Disruption of its
activity can lead to malignant cell growth and survival
(27). The potential role of PTEN in the regulation of TSH-
dependent signaling has yet to be examined, but evidence
supports the importance of PI3K as an effector of TSHR
signaling within the thyroid (18) as well as outside (19).

In this study, we demonstrate that TSH induction of
IL-1RA in GD-OFs and fibrocytes is mediated through
PI3K/AKT. Blocking this pathway using small molecule
inhibitors or targeting small interfering RNAs (siRNAs)
attenuates the induction. TSH treatment increases phos-
phorylated AKT (pAKT) levels in fibrocytes considerably
more than that observed in GD-OFs. Divergent patterns of
PTEN activity in the two cell types may account for the
differences in IL-1RA induction. Knocking down PTEN in
GD-OFs increases the amplitude of TSH-dependent IL-
1RA induction. In contrast, overexpressing PTEN in fi-
brocytes attenuates the induction by TSH of IL-1RA. The
actions of PTEN on IL-1RA are mediated through alter-
ations in gene transcription and mRNA stability. Taken
together, these results indicate the importance of the PI3K/
AKT/PTEN pathway in determining the patterns of IL-
1RA response to TSH in GD-OFs and fibrocytes. They
may provide potential therapeutic targets for knocking
down inflammatory signaling in TAO.

Materials and Methods

Materials
DMEM containing 4.5 g/L D-glucose and L-glutamine was

purchased from Life Technologies (catalog no. 11965-092). Fe-
tal bovine serum (FBS) was from Life Technologies (catalog no.
16000-044). 5,6-Dichlorobenzimidazole (DRB) came from Cay-
man Chemical Co (catalog no. 10010302). LY294002 (catalog
no. 440202) and AKT inhibitor IV (catalog no. 124011) were
obtained from Calbiochem/EMD Biosciences. Bovine TSH
(bTSH) was from Calbiochem (catalog no. 609385). M22 was
purchased from Kronus Inc. PTEN inhibitor SF1670 was from
Cellagen Technology (catalog no. C7316-2s), and VO-OHpic
trihydrate was from Santa Cruz Biotechnology (catalog no. sc-
216061). siRNA oligonucleotides targeting PI3K (catalog no.
SR303516), AKT (catalog no. SR300143), and PTEN (catalog
no. SR303860) were from OriGene. An ELISA kit for human
IL-1RA was purchased from R&D Systems. Anti-PI3K (catalog
no. 4249S), anti-pAKT (catalog no. 4058S), anti-AKT (catalog
no. 9272S), anti-phospho-PTEN (catalog no. 9549S), and anti-
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PTEN (catalog no. 9188S) antibodies came from Cell Signaling.
A chromatin immunoprecipitation (ChIP) assay kit was pur-
chased from Millipore (catalog no. 17-925). Anti-RNA Pol II
antibody (catalog no. GAH-111) and two quantitative PCR
primers for amplifying 1-kb regions of icIL-1RA and sIL-1RA
gene promoters were from SABioscience.

Fibroblast and fibrocyte cultivation
Orbital tissue was obtained as surgical waste generated dur-

ing orbital decompressions for severe TAO, derived from healthy
tissues of the deep orbit or from periorbital tissues from indi-
viduals undergoing procedures to remove distant tumors or the
globe, or were from healthy tissues removed during oculoplastic

cosmetic surgery. Donors were uniformly euthyroid at the time
of study participation. These activities have been approved by
the Institutional Review Board of the University of Michigan
Medical Center. OFs were allowed to proliferate as previously
described (28), and monolayers were covered with DMEM con-
taining 10% FBS, 2 mM glutamine, sodium pyruvate (110 mg/
mL), penicillin/streptomycin (100 U/mL), and 4.5% glucose.
They were maintained in a 37°C, humidified, 5% CO2 environ-
ment. Culture strains were utilized between the fifth and 12th
passages, an interval during which we have determined that cell
phenotypes remain constant. Medium was changed every 4 days.

Human fibrocytes (n � 30) were isolated from human pe-
ripheral blood by Ficoll density centrifugation as described (14).

Typically, 107 peripheral blood mono-
nuclear cells were inoculated into each
well of a six-well plate and then cultured
in DMEM supplemented with 10% FBS,
penicillin/streptomycin, and glutamine.
Unattached cells were discarded after 7
days, whereas the remaining monolayers
were incubated for an additional 7–10
days before experimental manipula-
tions. Greater than 90% of the adherent
cells carried the CD45�CD34�TSHR�

CXCR4� phenotype by flow cytometric
analysis (29) .

RNA isolation and quantitative
RT-PCR

Confluent six-well plates were shifted
to medium containing 1% FBS for 16
hours before treatment with bTSH (5
mIU/L) or the other test agents indicated.
RNA was extracted using the Aurum To-
tal RNA Mini Kit (Bio-Rad; catalog no.
732-6820). Purified RNA was used to
generate cDNA by reverse transcription
using oligo(dt) and SuperScript III re-
verse transcriptase (Invitrogen Inc; cata-
log no. 205311). Real-time PCR was
performed using iQ SYBR Green Super-
mix (Bio-Rad; catalog no. 170-8882)
iTaq DNA polymerase, dNTPs, and
SYBRGreen I, fluorescein on a CFX96
Real-Time PCR system (Bio-Rad). Each
sample was analyzed in triplicate with
glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as reference. Primer se-
quences were: icIL-1RA forward, 5�-
CTATCAGGCCCTCCCCATGGC-3�,
and reverse, 5�-CAACTAGTTGGTT-
GTTCCTCC-3�; sIL-1RA forward, 5�-
CTGCAGTCACAGAATGGAAATC-3�,
and reverse, 5�-CAACTAGTTGGTT-
GTTCCTCC-3�; IL-6 forward, 5�-CAG-
GAGCCCAGTATAACT-3�, and reverse,
5�-GAATGCCCATGCTACATTT-3�;
GAPDH forward, 5�-TTGCCATCAAT-
GACCCCTTCA-3�, and reverse, 5�-
CGCCCCACTTGATTTTGGA-3�. Re-

Figure 1. Divergent PI3K/AKT pathway involvement in the induction by TSH of IL-1RA and IL-6.
OFs from patients with GD (GD-OF) and fibrocytes were cultured in six-well plates and incubated
without or with LY294002 (10 �M) or AKT inhibitor IV (1 �M) for 1 hour before the addition of
nothing or bTSH (5 mIU/mL) for 12 hours. A, RNA was harvested and analyzed by real-time RT-
PCR for icIL-1RA mRNA and sIL-1RA mRNA. B, M22 (left panel) and bTSH (right panel) were
examined for their effects on sIL-1RA and icIL-1RA expression in fibrocytes, GD-OFs, or OFs from
healthy donors (HOF). Cultures were treated with M22 (1 �g/mL) and bTSH (5 mIU/mL) for 12
hours without or with the inhibitors indicated. C, IL-6 mRNA was assessed after treatment of
fibrocytes and GD-OFs without or with bTSH in the absence or presence of LY294002 or AKT
Inhibitor IV. Data are expressed as mean � SD of triplicates from three representative studies.
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actions were performed at 95°C for 5 minutes, and 40 cycles at
95°C for 10 seconds and 60°C for 30 seconds.

Western blot analysis
Cell lysates were prepared as previously described (29). Pro-

tein concentration was determined with the Microprotein assay
kit (Bio-Rad), separated by SDS-PAGE, and transferred to poly-
vinylidene difluoride membrane. These were blocked in 7.5%
nonfat milk and probed with primary and secondary antibody in
5% milk, and bands were detected using SuperSignal (Thermo
Scientific).

siRNA knockdown
Specific targeting siRNA oligonucleotides and scramble con-

trols were transfected into fibroblasts using Lipofectamine
RNAiMAX (Invitrogen; catalog no. 13778-075). Briefly, ap-
proximately 80% confluent cultures in six-well plates were
transfected with either 200 nmol targeting siRNAs or 200 nmol
scramble siRNA. After 48 hours, cells were treated without or
with bTSH for 12 hours, and RNA was harvested and subjected
to real-time RT-PCR. All transfections were performed in trip-
licate and repeated three times. Transfection of fibrocytes uti-
lized Amaxa Nucleofector Technology (Lonza). Detached cells
were rinsed and centrifuged, and cell pellets were resuspended in
100 �L buffer solution with 200 nmol of targeting siRNA or 200
nmol scramble siRNA. Transfection was performed using pro-
gram U23 (29). Cells were recultured for 48 hours and then
treated with nothing or with bTSH. Triplicate samples were sub-

jected to quantitative RT-PCR. Results were normalized to
GAPDH.

IL-1RA ELISA
Cell-associated IL-1RA protein was quantified in lysis buffer

containing 0.5% Nonidet P-40, 50 mM Tris-HCl (pH 8.0), 1 mM

EDTA, and 10 �g phenylmethanesulfonyl fluoride. One hun-
dred microliter medium and 50 �g cell protein were subjected to
ELISA. Assays were performed in triplicate.

mRNA stability assay
Confluent OFs and fibrocytes were shifted to medium with

1% FBS for 16 hours and pretreated with bTSH for 12 hours.
DRB (50 �M) was added without or with bTSH (5 mIU/L) at
time � 0, and RNA was harvested at times indicated (30). Sam-
ples were subjected to real-time PCR; t1/2 values were calculated
using the comparative critical threshold method. Normalized
data for time � 0 were arbitrarily set at 100%. Data were
graphed as a best-fit line.

RNA Pol II ChIP assay
Recruitment of polymerase II to the IL-1RA gene promoters

was quantified by the method of Bittencourt and Auboeuf (31),
with the minor modification described previously (11).

Statistics
Significance was determined with a two-tailed Student’s t test.

All experiments were conducted at least three times.

Results

TSH induction of IL-1RA is
mediated through the PI3K/AKT
pathway in GD-OFs and
fibrocytes

The impact of PI3K/AKT path-
way inhibition on the induction of
IL-1RA by bTSH was assessed.
As the data in Figure 1A demon-
strate, bTSH (5 mIU/mL) up-regu-
lates steady-state icIL-1RA mRNA
in GD-OFs and fibrocytes. The mag-
nitude of the effects is 14.3 � 2.1-
fold and 9.8 � 1.8-fold after 12
hours (mean � SD) in the two re-
spective cell types. sIL-1RA is mini-
mally affected by bTSH treatment in
GD-OFs but is induced 18.1 � 3.5-
fold in fibrocytes. Addition of either
LY294002 (an inhibitor of PI3K, 10
�M) or AKT inhibitor IV (AKTI, 1
�M) abolished these effects in both
cell types. M22 (1 �g/mL), a com-
mercially available monoclonal acti-
vating antibody targeting TSHR,
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AKT
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Control        Scramble   PI3K                                                        Control     Scramble    AKT
siRNA     siRNA                                                                       siRNA     siRNA

Control        Scramble   PI3K                                                         Control      Scramble    AKT
siRNA     siRNA                                                                       siRNA     siRNA
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Figure 2. Knocking down of PI3K or AKT blocks the induction by TSH of IL-1RA in OFs, in this
case from a donor with GD, and fibrocytes. Subconfluent (80%) cultures were transfected with
either scrambled (control) oligonucleotides or specific siRNAs targeting PI3K or AKT. After 48
hours, monolayers were untreated or bTSH (5 mIU/mL) was added to medium for 12 hours.
Monolayers were disrupted and cellular protein was subjected to Western blot analysis for PI3K
or AKT. RNA was subjected to real-time RT-PCR for icIL-1RA or sIL-1RA in OFs (A) and fibrocytes
(B). Data are expressed as mean � SD of three independent replicates.
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also induced IL-1RA in fibrocytes (Figure 1B, left).
LY294002 (10 �M) could also block its effects after 12
hours. The magnitude of IL-1RA mRNA induction by
TSH in OFs from healthy donors was similar to that in
GD-OFs (Figure 1B, right), indicating that no signaling
defects can be identified in GD-OFs. To substantiate the
roles of PI3K and AKT in up-regulating IL-1RA that are
implied by the results with these small molecule inhibitors,
specific siRNAs targeting PI3K and AKT or their scram-
bled oligonucleotide counterparts were transfected into
the cells. Although the scrambled controls failed to alter
the TSH effects, those targeting the kinases attenuated the
impact of bTSH on icIL-1RA and sIL-1RA in both OFs
and fibrocytes (Figure 2, A and B). Responses to bTSH
were similar in OFs obtained from patients with TAO and
those from healthy donors. The same held true for fibro-
cytes (data not shown).

Induction of IL-6 by TSH is independent of PI3K
Although the induction of IL-1RA by bTSH is depen-

dent on the activity of PI3K, that of IL-6 was unaffected by
LY294002 (Figure 1C). On the other hand, AKTI blocked
the effects of bTSH on IL-6 expression. Thus, it would
appear that bTSH is acting through PI3K in its induction
of both IL-1RA isoforms but is not required in TSH-de-
pendent regulation of IL-6.

Divergent levels of constitutive PTEN and AKT
phosphorylation in GD-OFs and fibrocytes

Because of the central role that PTEN plays in regulat-
ing the PI3K/AKT pathway in many cell types, constitutive
levels of this factor were quantified in three strains each of
OFs and fibrocytes, each from a different donor. As the
Western blots in Supplemental Figure 1A indicate, phos-
phorylated PTEN (pPTEN) levels are higher in OFs than
those found in fibrocytes despite equivalent levels of
PTEN protein in the two cell types. When expressed as
ratios, pPTEN/PTEN was greater in OFs than in fibrocytes
(0.46 � 0.11 vs 0.23 � 0.06; P � .05). In contrast, levels
of pAKT in fibrocytes greatly exceeded those in OFs. TSH
treatment for graded intervals resulted in the reduction of
pPTEN in OFs until at 2 hours they became undetectable.
In contrast, bTSH (5 mIU/mL) provoked a substantial in-
crease in pAKT at 30 minutes, which was sustained for the
duration of the study (2 h; Supplemental Figure 1B). The
effects of bTSH in fibrocytes were somewhat different.
The low level of pPTEN in untreated cells was increased
modestly by bTSH so that by 2 hours, levels had doubled
(Supplemental Figure 1C). On the other hand, levels of
pAKT increased very rapidly after exposure to bTSH and
remained elevated for at least 2 hours.

Inhibiting PTEN or knocking down its expression
enhances the induction by bTSH of IL-1RA in
GD-OFs

Different levels of pPTEN can be detected in OFs and
fibrocytes (Supplemental Figure 1A). Higher levels of this
phosphorylated protein in OFs could account for the di-
vergent patterns of IL-1RA induction observed in these
two cell types. To test this possibility, PTEN activity was
reduced with the specific inhibitor, VO-OHpic (500 nM).
This compound enhanced TSH-dependent AKT phos-
phorylation (Figure 3A). Furthermore, the steady-state
icIL-1RA and sIL-1RA mRNA levels achieved after bTSH
(5 mIU/mL) treatment were further increased in cultures
receiving VO-OHpic (Figure 3, B and C). Next, siRNA
targeting PTEN or its scrambled control were transfected

Figure 3. Inhibiting PTEN enhances the induction of IL-1RA by TSH in
OFs, in this instance from a donor with GD. Cells were cultured in six-
well plates and pretreated without or with VO-OHpic (500 nM) for 1
hour before treatment with bTSH (5 mIU/mL) alone or in combination
with VO-OHpic for the times indicated. A, Total cell protein was
collected and subjected to Western blot analysis for pAKT and AKT.
RNA was harvested and analyzed by real-time RT-PCR for icIL-1RA (B)
and sIL-1RA (C). Data are expressed as mean � SD of triplicates from
one of three representative studies.
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into OFs and fibrocytes. In both cell types, PTEN protein
was knocked down by the specific targeting siRNA (Figure
4A). Knocking down PTEN in OFs resulted in dramatic
increases in the amplitude of inductions of icIL-1RA (Fig-
ure 4B) and sIL-1RA (Figure 4C) after treatment with
bTSH (5 mIU/mL) for 12 hours (icIL-1RA, 456 � 11.3
[mean � SD], P � .01; sIL-1RA, 371 � 9.2, P � .01). In
contrast to this substantial impact of PTEN knockdown in
OFs, the magnitude and pattern of IL-1RA induction was
essentially unaffected in fibrocytes, suggesting that it ex-
erts relatively little influence on TSH-dependent signaling
in that cell type.

A substantial point of divergence between the pheno-
types of GD-OFs and fibrocytes relates to the absence of
detectable IL-1RA protein release from the former after

treatment with either IL-1� (11–14)
or bTSH (5 mIU/mL) (Figure 4D).
Because knocking down PTEN in
OFs results in a substantial induction
of sIL-1RA (Figure 4C), we assessed
whether these cells could now release
IL-1RA into the culture medium. As
the result in Figure 4D demonstrates,
interrupting PTEN expression al-
lows a substantial increase in the me-
dium content of IL-1RA after bTSH
treatment when compared to OFs
transfected with control siRNA. Af-
ter 24 hours of exposure to bTSH,
IL-1RA levels in cultures transfected
with siRNA targeting PTEN were
4-fold (P � .05) above those in cul-
tures receiving control siRNA. By 48
hours, the duration of the study, lev-
els were 7-fold (P � .05) greater. In-
hibiting PTEN activity in fibrocytes
with VO-OHpic does fractionally in-
crease the induction by bTSH of both
IL-1RA isoform mRNAs (Figure 4E
and Supplemental Figure 2), but the
effects are generally less robust than
those observed in OFs. These results
indicate that PTEN exerts substan-
tially more modulation in OFs than
fibrocytes. Moreover, reducing PTEN
levelsinOFsallowsatransitiontoaphe-
notype more closely resembling that of
fibrocytes.Furthermore,PTENappears
to represent a potentially important ful-
crum in determining the inflammatory
characteristics of these cells.

Overexpression of PTEN attenuates the IL-1RA
induction by TSH in fibrocytes

Knocking down PTEN expression in OFs results in aug-
mentation of sIL-1RA induction and results in its release
from the cell monolayer. The next studies examined
whether a reciprocal relationship might exist on fibro-
cytes. PTEN was overexpressed in these cells by transfect-
ing them with a PTEN expression plasmid containing its
entire cDNA. As anticipated, levels of PTEN are increased
compared to cells transfected with empty vector (Figure
5A). The increased PTEN blunts the induction by bTSH (5
mIU/mL) of IL-1RA release from the cell layer (Figure 5B)
as well as the induction of icIL-1RA mRNA (Figure 5C)
and sIL-1RA mRNA (Figure 5D).

Figure 4. Knocking PTEN down enhances the induction of IL-1RA by TSH in GD-OFs but not in
fibrocytes. Eighty percent confluent cultured cells were transfected with specific siRNAs targeting
PTEN. Scrambled oligonucleotides were used as the control. After 48 hours, monolayers were
treated without or with bTSH (5 mIU/mL) for 12 hours. A, Total cellular protein was collected for
Western blot analysis to confirm the knocking down of PTEN. B and C, RNA was harvested and
subjected to real-time RT-PCR for icIL-1RA (B) or sIL-1RA (C). D, Time course of TSH (5 mIU/mL)
action on IL-1RA protein production and release into the culture medium of GD-OFs transfected
with scrambled (control) or siRNA targeting PTEN. Aliquots of medium were subjected to a
cytokine-specific ELISA as described in Methods. E, Fibrocytes were treated with bTSH (5 mIU/mL)
without or with VO-OHpic (500 nM) for 12 hours, and mRNA was harvested and subjected to
RT-PCR for either icIL-1RA or sIL-1RA mRNA. Data are expressed as mean � SD of three
replicates.
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PTEN exerts dual actions on IL-1RA expression in
OFs

The next studies were designed to determine the mech-
anism(s) involved in the modulation by PTEN of IL-1RA
induction. icIL-1RA mRNA is very stable in OFs (Figure
6A). Its stability was enhanced only slightly after 36 hours
following PTEN knockdown. In contrast, sIL-1RA
mRNA, which is extremely short-lived in OFs, was dra-
matically rescued after PTEN knockdown at 36 hours, the
duration of the study. On the other hand, PTEN knock-
down resulted in substantial increases in TSH-dependent
Pol II occupancy of both icIL-1RA and sIL-1RA gene pro-
moters (Figure 6B). These results indicate that PTEN reg-
ulates both IL-1RA gene transcription and transcript sta-
bility in OFs.

Discussion

PTEN has been shown to exert substantial control over
several cellular and metabolic processes (32, 33). For in-
stance, nuclear PTEN plays an important role in DNA
repair (34). The regulation by PTEN of TSH signaling has
apparently not been explored previously, yet from the cur-
rent findings, its influence seems substantial. A single re-
port by Tell et al (35) demonstrated that in FRTL-5 cells,
a short duration of exposure to TSH (30–60 min) resulted
in decreased PTEN levels, effects mediated through a

cAMP-dependent mechanism. Lon-
ger treatment (days) resulted in the
up-regulation of PTEN protein ex-
pression. Despite the paucity of in-
formation directly linking TSHR
and PTEN, the studies we report here
may provide an alternative concept
surrounding Cowden syndrome
(36). In that disease, germline PTEN
mutations predispose to benign and
malignant thyroid nodules (36, 37).
Recent evidence has implicated loss
of function PTEN mutations with in-
creased nuclear translocation of
PI3K and AKT (33). Those findings
are consistent with a propensity for
tumor development in the thyroid
and other tissues. However, the cur-
rent studies demonstrate that down-
regulating PTEN might allow an ex-
aggerated response in target cells to
TSH mediated through PI3K/AKT.
The well-established role of TSH-de-
pendent thyroid stimulation in pro-
moting rodent thyroid tumor forma-

tion may thus offer an alternative mechanism underlying
increased incidence of tumors in individuals harboring
loss of function mutations in PTEN.

PTEN expression and activity diverge in OFs and fi-
brocytes. These differences impact the regulation by TSH
of icIL-1RA and sIL-1RA and are manifested by cell-spe-
cific patterns of TSH-dependent gene induction. TSH ef-
fects on IL-1RA, like those on IL-6 (19), are mediated at
levels of both gene transcription and mRNA stability (Fig-
ures 5 and 6). From the current studies, PI3K, AKT, and
PTEN emerge as important determinants of TSH actions
in nonthyroid cells. PI3K and AKT appear to be indis-
pensable mediators of TSH-initiated actions, whereas
PTEN exerts an important negative influence, especially in
OFs. Thus, these pathways comprise important functional
fulcrums for the biological impact exerted by TSH, the
balance of which determines the magnitude and duration
of TSHR-dependent induction of IL-1RA. Furthermore,
they could join other factors influencing the actions of
TSH in extrathyroidal cells. These include the IGF-1 re-
ceptor (IGF-1R) (38). TSHR and IGF-1R form a physical
and functional complex, and the latter protein appears to
play an indispensable role in determining the TSH-depen-
dent activation of ERK. An important aspect of the tran-
sition from circulating fibrocytes to OFs as they infiltrate
the orbit in TAO may involve the rebalancing of this re-
lationship and result in up-regulation of PTEN activity in

Figure 5. Overexpression of PTEN in fibrocytes attenuates the induction of IL-1RA by TSH.
Between 70 and 80% of confluent cultures, in this instance from a healthy donor, were
transfected with an expression vector for PTEN driven by the CMV promoter. Empty expression
vector served as the control. After 48 hours, monolayers were treated without or with bTSH (5
mIU/mL) for 12 hours. A, Total cellular protein were collected for Western blot to confirm PTEN
overexpression. B, Cell lysates were collected and analyzed by specific ELISA for IL-1RA. C and D,
RNA was harvested and subjected to real-time RT-PCR for icIL-1RA (C) and sIL-1RA (D) mRNA.
Data are expressed as mean � SD of three independent replicates.
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OFs. By implication, the interplay between PTEN and the
PI3K/AKT pathway may determine multiple aspects of the
fibrocyte phenotype and potentially how it changes during
transition to CD34� OFs. An important departure in
TSHR signaling common to both OFs and fibrocytes re-
lates to the participation of PI3K in the induction of IL-
1RA, but its apparent irrelevance in the induction of IL-6
(Figure 1). This finding suggests that the interface down-
stream from TSHR relating to these two cytokines must
differ. Whether these relate to peculiarities in gene tran-
scription or mRNA stability will require additional
studies.

The relationship between PI3K and PTEN is well con-
served and in aggregate influences a diverse array of cel-
lular functions, including metabolism, proliferation, and
apoptosis (39). This pathway mediates signaling of many
growth factors and cytokines by generating the second
messenger phosphatidylinositol-3,4.5 triphosphate (40).
PTEN, a tumor suppressor gene product, serves as the
governing brake for PI3K activities. This is accomplished
through its promotion of phosphatidylinositol-3,4,5-tri-
sphosphate dephosphorylation to phosphatidylinositol-
4,5-bisphosphate. Imbalances between PI3K and PTEN

can have catastrophic consequences,
such as the abnormalities associated
with cancer development.

Kumar et al (41) reported previ-
ously that LY294002 could reduce
levels of leptin and adiponectin mRNA
in GD-OFs undergoing adipogenesis in
thepresenceofbTSHand/orM22.They
alsofoundthattheinhibitorcouldlessen
the accumulation of hyaluronan in OFs
(42). Both studies relied on relatively
lengthytreatmentwithLY294002(10d
and 48 h, respectively). Adipogenesis
and hyaluronan generation are ex-
tremelycomplexprocessesrequiringnu-
merous biological reactions. Thus, the
relianceontreatmentwithasingle small
molecule inhibitor, such as LY294002,
for prolonged exposures as the only ev-
idence supporting involvement of PI3K
inthesecellularresponsestoTSHmakes
interpretation of the results in either
study difficult.

The current findings identify ad-
ditional molecular pathways that
mediate the actions of TSH in OFs
and fibrocytes and modulate their bi-
ological consequences. It is thus pos-
sible that TSHR actions are regu-
lated by IGF-1R and PTEN and in so

doing influence the pathogenic role that the receptor may
play in TAO. Levels of TSHR are dramatically higher in
fibrocytes than in their derivative GD-OFs (3, 9). Yet
bTSH induces cytokines such as IL-6 in both cell types,
albeit at a lower amplitude in OFs than fibrocytes (19). An
important divergence between TSH action in the two cell
types relates to the absence of adenylate cyclase expression
or cAMP generation in response to TSH in fibrocytes (19).
In OFs, bTSH provokes modest but detectable generation
of the cyclic nucleotide, whereas in fibrocytes, none can be
detected (19). Furthermore, adenylate cyclase is expressed
in the former but is completely undetectable in the latter
(19). It would appear therefore that fibrocytes might rep-
resent an ideal cell type in which to interrogate noncyclic
AMP-related TSHR signaling. Thus, the effects of TSH on
IL-1RA in these cells are most likely also independent of
the G protein-coupling functions that dominate TSH ac-
tion in the thyroid. The current studies also suggest an
important phenotypic transition as fibrocytes infiltrate the
orbit and become OFs. They imply that levels of PTEN
activity increase substantially and in so doing, lower levels
of both icIL-1RA and sIL-1RA and their responses to

Figure 6. Effect of knocking down PTEN on icIL-1RA and sIL-1RA mRNA stability and gene
transcription in OFs. Eighty percent of confluent cultured cells were transfected with specific
siRNAs targeting PTEN or scrambled oligonucleotide control. After 48 hours, monolayers were
untreated or treated with bTSH (5 mIU/mL) for 12 hours. A, Stability of icIL-1RA and sIL-1RA
mRNA was determined and analyzed by real-time RT-PCR as described under Materials and
Methods. All cultures were pretreated with bTSH for 12 hours, and then at time � 0 DRB (50
�g/mL) was added to the cultures. Half the wells were then treated with bTSH for the times
indicated along the abscissa while the others did not receive TSH (control). B, ChIP assays were
performed using formaldehyde cross-linked samples from untreated cultures and those treated
with bTSH. Promoter DNA for either icIL-1RA or sIL-1RA was generated by RT-PCR, and RNA Pol
II occupancy was normalized to GAPDH and was expressed as mean � SD of fold-change of
three independent experiments. Data are expressed as mean � SD of three replicates.
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bTSH. We have reported previously that native (nonfi-
brocyte-derived) CD34� fibroblasts impose a substantial
influence on CD34� OFs (29). Clearly, the molecular in-
terplay between CD34� OFs, ie, those that putatively de-
rive from circulating fibrocytes, and CD34� OFs must be
more fully investigated before the phenotypic divergence
between OFs and fibrocytes can be completely under-
stood. In any event, the current findings provide new and
potentially important insights into the regulation of the
inflammatory characteristics of nonthyroid cells by TSH.
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