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PURPOSE. The purpose of this study was to characterize the intrinsic cellular properties of
orbital adipose-derived stem cells (OASC) from patients with thyroid-associated orbitopathy
(TAO) and healthy controls.

METHODS. Orbital adipose tissue was collected from a total of nine patients: four controls and
five patients with TAO. Isolated OASC were characterized with mesenchymal stem cell–
specific markers. Orbital adipose-derived stem cells were differentiated into three lineages:
chondrocytes, osteocytes, and adipocytes. Reverse transcription PCR of genes involved in the
adipogenesis, chondrogenesis, and osteogenesis pathways were selected to assay the
differentiation capacities. RNA sequencing analysis (RNA-seq) was performed and results
were compared to assess for differences in gene expression between TAO and controls.
Selected top-ranked results were confirmed by RT-PCR.

RESULTS. Orbital adipose-derived stem cells isolated from orbital fat expressed high levels of
mesenchymal stem cell markers, but low levels of the pluripotent stem cell markers. Orbital
adipose-derived stem cells isolated from TAO patients exhibited an increase in adipogenesis,
and a decrease in chondrogenesis and osteogenesis. RNA-seq disclosed 54 differentially
expressed genes. In TAO OASC, expression of early neural crest progenitor marker (WNT
signaling, ZIC genes and MSX2) was lost. Meanwhile, ectopic expression of HOXB2 and
HOXB3 was found in the OASC from TAO.

CONCLUSION. Our results suggest that there are intrinsic genetic and cellular differences in the
OASC populations derived from TAO patients. The upregulation in adipogenesis in OASC of
TAO may be is consistent with the clinical phenotype. Downregulation of early neural crest
markers and ectopic expression of HOXB2 and HOXB3 in TAO OASC demonstrate
dysregulation of developmental and tissue patterning pathways.
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Thyroid-associated orbitopathy (TAO) is an autoimmune
process associated with systemic thyroid disease,1,2 most

commonly Graves’ disease (GD) and Hashimoto’s thyroiditis,
but also hypothyroidism, and even euthyroidism in some
cases.3,4 Expansion of the orbital tissue volume (extraocular
muscles and adipose tissue) surrounding the eye may lead to
exophthalmos, exposure keratopathy, and vision-threatening
compressive optic neuropathy.1,2,5

The pathogenesis of TAO is initiated by an autoimmune
cascade in which autoantibodies against thyroid-stimulating
hormone receptor (TSHR) and insulin-like growth factor 1
receptor (IGF-1R) cross-react with orbital fibroblasts.6 Acti-
vated orbital fibroblasts release chemokines, including IL-6, IL-
4, IL-16, IL-1B, and monocyte chemotactic factor-1 (MCP-1),
which further recruit T lymphocytes to the orbit.7 Immuno-
histochemical studies have demonstrated the presence of

infiltrating lymphocytes (predominantly T lymphocytes) and
hyaluronan deposition in muscle and adipose tissue of
patients with TAO.8–10 Interleukin-6 has also been shown to
elicit an increase in TSHR expression on orbital fibroblasts11 as
well as to program maturation and antibody production in
plasma cells.12 Meanwhile, IL-4 can induce the differentiation
of näıve helper T cells into TH2 cells, mediating the immune
response.13 Monocyte chemotactic factor-1 is a potent chemo-
attractant that can promote the infiltration of mononuclear
cells into the orbital fat pad in patients with TAO.14 As a result,
infiltrating lymphocytes can activate the orbital fibroblasts to
upregulate secretion of other proinflammatory cytokines,
modulate gene expression, and lead to increased cell
proliferation, adipogenesis, and production of glycosamino-
glycans.15,16 Although the inflammatory response is well
outlined, the pathophysiology of TAO has not been complete-
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ly elucidated and the variability in disease course and
presentation still remains elusive.17,18

The disease risk, course, and severity of TAO can be
influenced by numerous genetic, epigenetic, and environmen-
tal factors.1,19,20 Several genetic risk factors for TAO have been
identified, including polymorphisms in human leukocyte
antigen-DR3 (HLA-DR3),21 cytotoxic T lymphocyte antigen
(CTLA-4),22 receptors for the interleukin family of cyto-
kines,23,24 and toll-like receptors.25 Many genetic variations
that have been identified in TAO are in the immunomodulatory
genes, which are also associated with GD.19 The subsets of
individual genes that are specifically responsible for the local
autoimmune process of TAO remain elusive.1,26 Other than
genetic factors, epigenetic factors have also been implicated in
both GD and TAO. For example, more skewing of X
chromosome inactivation was found in patients with autoim-
mune thyroid disease than in control patients.27 Because X
chromosome inactivation only happens in females (2 X
chromosomes), this mechanism may partially explain the fact
that there is a higher risk of GD and TAO in females than
males.27,28 Environmental factors also play important roles in
both GD and TAO.29 Smoking is a well-documented risk factor
for TAO with a relative risk of 7.7 for TAO but only 1.9 for
GD,30 and it has been shown that smokers have increased
soluble intercellular adhesion molecule-1 (sICAM-1) and
decreased soluble vascular adhesion molecule-1 (sVCAM-1)
levels.31 There is a significant increase in the odds ratios of risk
for severe TAO in patients who smoke.30,32–34 In addition,
infectious agents, such as Yersinia enterocolitica, can express
proteins similar to the leucine-rich domain of the TSHR of the
host.35 It has been shown that B cells exposed to the bacterial
antigen can also cross-react with similar domains on endoge-
nous receptors (such as TSHR), which may lead to the
development of autoimmune disease, such as GD and TAO.36

Thus, GD and TAO are associated with many different genetic,
epigenetic, and environmental factors.

To better understand which factors may be implicated in
disease onset and severity, several gene expression profiling
studies using microarray have been performed for TAO.17,37,38

Many signaling pathways, such as IGF-1 and WNT signaling,
have been associated with the development of TAO.37

Interestingly, previous studies have only focused on the whole
orbital adipose tissue rather than isolating the stem cell
population in these tissues.17,37,38 White adipose tissue is
composed of adipocytes, fibroblasts, macrophages, adipose
stem cells, neuronal cells, and endothelial cells from blood
vessels. Gene expression studies of whole adipose tissue in
autoimmune diseases may not filter out the differential gene
expression profiles arising from the mesenchymal stem cell
(MSC) fraction because of the overwhelming inflammatory
response in the tissue. In fact, growing evidence indicates that
local and systemic stem cells play important roles in the
pathogenesis of numerous autoimmune diseases.16,39–41 Ge-
netic profiling of MSCs derived from patients with systemic
lupus erythematosus has shown differential expression of
genes involved in actin skeleton, focal adhesion, tight junction,
and TGF-b pathway compared with healthy controls.40 In
patients with psoriasis, dermal mesenchymal stem cells
(DMSCs) showed an upregulation of genes involved in cell
proliferation, downregulation of genes related to development,
and a differential expression of genes involved in angiogene-
sis.41 In addition, a comparison between orbital fibroblasts and
OASCs from patients with TAO suggests that the OASCs may
represent a unique subpopulation of cells within the fibro-
blasts that have greater multipotency and a potentially
immunomodulatory role.42 Despite research on alterations in
the local stem cell population in many other autoimmune
diseases, we are not aware of any previous genetic profiling

studies that have been performed on the OASC from TAO
patients.

Recently, our group has isolated and characterized mesen-
chymal progenitor cells from human orbital adipose tissue.43

Orbital adipose-derived stem cells from orbital adipose tissue
can differentiate into several cell lineages, including vascular
endothelial cells, chondrocytes, osteocytes, and adipocytes.43

Therefore, we hypothesize that there are intrinsic modifica-
tions that take place at the cellular and genetic levels in the
OASC populations derived from TAO patients and that the
analysis of the differences in these OASC from TAO patients
and controls might elucidate additional mechanisms that could
be involved in the pathogenesis of TAO.

MATERIALS AND METHODS

Human Adipose Tissue Collection

Samples were collected from orbital fat from control patients
undergoing eyelid surgery and TAO patients undergoing orbital
decompression. All patients were consented; the study was
approved by the University of Miami institutional review board
(protocol 20110692) and followed the tenets of the Declara-
tion of Helsinki. Samples were adequately preserved on ice and
transported within 4 hours to the laboratory and processed
upon receipt.

We recruited a total of nine patients, five cases (2 patients
undergoing surgery for compressive optic neuropathy and 3
for orbital rehabilitation) and four controls without history of
TAO (Table 1). A chart review was performed to assess relevant
patient information, including clinical activity score (CAS),
smoking history, previous treatment received for orbital
disease, medical co-morbidities, treatment of thyroid disease,
thyroid stimulating immunoglobulin (TSI) and race.

Cell Isolation

The cell isolation was performed as we have previously
described.43 Briefly, after washing three times with PBS
containing 50-lg/mL gentamicin and 1.25-lg/mL amphotericin
B, fat tissues are cut into pieces of less than 5 mm in size. The
same weight of tissues 0.5% (wt/vol) is subjected to digestion
with 1 mg/mL of Col I (Worthington Biochemical Corp,
Lakewood, NJ, USA) in a modified embryonic stem cell medium
(MESCM)18 (Invitrogen, Carlsbad, CA, USA) or Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) containing 10%
fetal bovine serum (FBS) for 3 hours on a shaker with
intermittent manual shaking every 20 minutes and vigorous
manual shaking for 10 seconds at the end of 3 hours before
centrifugation at 300g for 5 minutes to collect cell pellets. Cut
tissues are also digested with 1 mg/mL of Col A (Roche, Risch-
Rotkreuz, Switzerland) in DMEM for 4 hours at 378C. Digested
tissues are pipetted up and down 10 times before centrifuga-
tion at 300g for 5 minutes to remove floating adipocytes. The
pellets are resuspended in MESCM and filtered through a 70-
lm nylon strainer (BD Bioscience, Franklin Lakes, NJ, USA) to
yield cells in the flow through as stromal vascular fraction
(SVF). Cells in SVF are treated with red cell blood cells lysis
buffer to remove red blood cells and with 0.25% trypsin-EDTA
to yield a single cell suspension at 378C for 5 minutes.

Trilineage Differentiation

For assays of adipogenesis or osteogenesis, expanded single
cells during passages three to five were seeded at the density of
2.5 3 104 cells/cm2 in 24-well plates in DMEM with 10% FBS.
At 90% confluence, the medium was switched to the
adipogenesis differentiation medium or the osteogenesis
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differentiation medium, respectively (Invitrogen) and changed
every 3 days. After 21 days of culturing, cells were fixed with
4% formaldehyde and stained with oil red O for adipocytes by
adipogenesis Assay Kit (Cayman Chemical Company, Ann
Arbor, MI, USA) or with 2% Alizarin Red for osteocytes
following the manufacturer’s protocol. Cells with oil droplet
stained by Oil Red were quantified by measuring at OD at 492
nm in triplicate cultures. Mineralized cells with positive
Alizarin Red staining (Alfa Aesar, Tewksbury, MA, USA) were
quantified by measuring OD at 405 nm in triplicate cultures.

For the chondrogenesis assay, pellets were prepared by
spinning down 1 3 105 cells and incubating in a 15-mL conical
tube in chondrogenesis differentiation medium (Invitrogen)
with the medium changed every 3 days. After 28 days of
culturing, cells were fixed with 4% formaldehyde, and stained
with Alcian Blue (Merck, Darmstadt, Germany).

RNA Sequencing

RNA was extracted from passages three to five OASC cells
expanded from stromal vascular fraction (SVF) with a
combination of TriZol and the RNeasy Mini RNA isolation kit
(QIAGEN, Valencia, CA, USA). RNA-seq libraries were prepared
using the TruSeq Stranded Total RNA prep kit with Ribo-Zero
Gold to remove cytoplasmic and mitochondrial rRNA accord-
ing to the manufacturer’s recommendation (Illumina, San
Diego, CA, USA). The stem cell RNA-seq libraries were run
on an Illumina NextSeq 500 sequencing instrument according
to the protocols described by the manufacturer (Illumina).
Reads were aligned using STAR, data quality was assessed using
FastQC and RSeQC, and differential gene expression was
determined using both EdgeR and DESeq2. Genes that were
differentially expressed according to both EdgeR and DESeq2
were used for downstream analyses. Those differentially
expressed genes with a P less than 0.005 a fold change greater
than 1.5 were selected for further evaluation (Table 2).

Quantitative Real-Time PCR

Total RNA was extracted from passages three to five OASC cells
expanded from SVF with a combination of TriZol and the
RNeasy Mini RNA isolation kit (QIAGEN) and reverse-tran-
scribed to complementary (c)DNAs by high-capacity cDNA
transcription kit (Applied Biosystems, Foster City, CA, USA).
Quantitative PCR (qPCR) was performed in triplicate. The
qPCR amplification of different genes was done in a 20-lL
solution containing cDNA, primers and sybr green master Mix
(Applied Biosystems). The primers used for RT-PCR analysis
were listed (Table 3). All quantitative real-time PCR was
performed using the 7300 Real-time RT-PCR system (Applied
Biosystems) according to the manufacturer’s description using
the following thermocycler parameters: 10 minutes of initial
activation at 958C, 40 cycles of 15-seconds denaturation at
958C, and 1-minute annealing and extension at 608C. The
relative gene expression data was analyzed by the comparative
CT method (DDCT). The results were normalized to an internal
control.

Phenotypic Characterization

Immediately after isolation, cells from SVF were dried to
adhere on the slides and fixed with 100% cold methanol at
208C. Alternatively, cells freshly isolated or undergoing serial
passages were treated with trypsin-EDTA at 378C for 10
minutes and centrifugation at 55g for 8 minutes at the density
of 2 to 4.0 3 104 cells/chamber using Cytofuge (StatSpin, Inc.,
Norwood, MA, USA). The cytospin preparation was dried at
room temperature for 5 minutes and then fixed with eitherT
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TABLE 2. Upregulated and Downregulated Genes in OASC Derived From TAO Patient’s Orbital Fat Tissue Compared With Controls, as Analyzed
Using RNA-Seq

Gene Symbol Gene Description

Log2 Fold

Change Gene ID P Value FDR

ZIC4 Zic family member 4 �1.99866636 ENSG00000174963 6.43E�11 4.68E�07

ZIC2 Zic family member 2 �1.967523486 ENSG00000043355 1.01E�08 2.99E�05

ENPP1 Ectonucleotide pyrophosphatase/phosphodiesterase 1 �1.939286966 ENSG00000197594 3.72E�06 0.004982403

WISP1 WNT1-inducible signaling pathway Protein 1 �1.718261338 ENSG00000104415 2.04E�06 0.003334138

MTND1P23 Mitochondrially encoded NADH:ubiquinone

oxidoreductase core subunit 1

�1.627328038 ENSG00000225972 9.87E�08 0.000242258

WNT16 Wnt family member 16 �1.584685718 ENSG00000002745 0.000125 0.068012492

PSCA Prostate stem cell antigen �1.562039103 ENSG00000167653 0.000415 0.143845059

RP11-839G9.1 RP11-839G9.1 �1.510719098 ENSG00000267112 5.34E�05 0.046207001

ZIC5 Zic family member 5 �1.495481869 ENSG00000139800 4.82E�05 0.044351687

NACA3P Nascent-polypeptide-associated complex alpha

polypeptide pseudogene

�1.494574661 ENSG00000121089 0.00036 0.132375925

ULBP1 UL16 binding protein 1 �1.489832209 ENSG00000111981 0.000513 0.160627696

MSX2 Msh (drosophila) homeo box homolog 2 (HOX8) �1.355828948 ENSG00000120149 0.000219 0.091914409

AD000091.3 Uncategorized gene, and is affiliated with the lncRNA

class

�1.032374795 ENSG00000267135 9.25E�05 0.056730134

RP11-10G12.1 Ribosomal protein S27 Pseudogene 13 �0.990929207 ENSG00000244538 0.000204 0.091101817

RPL23AP2 Ribosomal protein L23a pseudogene 2 �0.962700415 ENSG00000225067 0.000225 0.091914409

RP1-292B18.1 Ribosomal protein L32 pseudogene 16 �0.955193953 ENSG00000219747 1.29E�05 0.012688179

RN7SL4P RNA, 7SL, cytoplasmic 4, pseudogene �0.911666602 ENSG00000263740 0.000161 0.076366012

AAED1 AhpC/TSA antioxidant enzyme domain containing 1 �0.721620492 ENSG00000158122 1.53E�07 0.000321973

RPL4P5 Ribosomal protein L4 pseudogene 5 �0.586951905 ENSG00000230207 0.000212 0.091656977

LRRC1 Leucine-rich repeat containing 1 0.898179937 ENSG00000137269 0.00066 0.190470156

PHEX Phosphate regulating endopeptidase homolog,

X-linked

1.235226884 ENSG00000102174 0.000591 0.177516296

NDEL1 NudE neurodevelopment protein 1 like 1 1.292854172 ENSG00000166579 0.000442 0.14461686

CDC20P1 CDC20 cell division cycle 20 homolog pseudogene 1.34058504 ENSG00000231007 0.00043 0.144042401

IFI44L Interferon-induced protein 44 like 1.343311517 ENSG00000137959 0.000738 0.194693727

AGT Angiotensinogen 1.449016649 ENSG00000135744 6.05E�05 0.046866148

F3 Coagulation factor III 1.462297193 ENSG00000117525 7.06E�05 0.047250575

BST2 Bone marrow stromal cell antigen 2 1.468253178 ENSG00000130303 0.000335 0.129911717

ANK3 Ankyrin 3, node of ranvier (ankyrin G) 1.494958528 ENSG00000151150 0.000454 0.145406769

DSC3 Desmocollin 3 1.515448417 ENSG00000134762 0.000737 0.194693727

CFL1P3 Cofilin 1 pseudogene 3 1.556527183 ENSG00000228056 0.000566 0.173505519

PCDH10 Protocadherin 10 1.6031006 ENSG00000138650 5.38E�06 0.006599162

ANO4 Transmembrane protein 16D 1.605824767 ENSG00000151572 5.65E�05 0.046207001

RP4-597J3.1 Ribosomal protein L19 Pseudogene 3 1.639432645 ENSG00000177452 0.000154 0.076366012

RP11-388P9.2 An RNA gene 1.649482498 ENSG00000232682 0.000618 0.181964905

COL15A1 Collagen-yype XV alpha 1 chain 1.686957187 ENSG00000204291 0.000109 0.061887348

PDLIM3 PDZ And LIM domain 3 1.692324946 ENSG00000154553 0.000372 0.133610896

KAL1 Anosmin 1 1.704051374 ENSG00000011201 0.000193 0.088717352

RP11-993B23.3 An RNA gene 1.727559788 ENSG00000257042 7.81E�06 0.00884094

ADCY2 Adenylate cyclase 2 1.730203161 ENSG00000078295 0.000344 0.130016512

GLDN Gliomedin 1.730961059 ENSG00000186417 3.65E�06 0.004982403

RP11-92C4.6 Antisense RNA class 1.754612068 ENSG00000270412 9.72E�05 0.05725544

FAM155A Family with sequence similarity 155 member A 1.781252892 ENSG00000204442 0.000698 0.194693727

PTGDR Prostaglandin D2 receptor (DP) 1.787182341 ENSG00000168229 6.89E�05 0.047250575

HOXB3 Homeobox B3 2.023921886 ENSG00000120093 8.34E�05 0.053413413

ARHGDIB Rho GDP dissociation inhibitor beta 2.030211894 ENSG00000111348 0.000157 0.076366012

SPON1 Spondin 1, (F-Spondin) extracellular matrix protein 2.051744968 ENSG00000262655 0.000131 0.068727393

HOXB-AS1 HOXB cluster antisense RNA 1 (nonprotein coding) 2.062884891 ENSG00000230148 0.000297 0.118049004

RP4-678D15.1 An RNA gene 2.115270914 ENSG00000271774 0.00042 0.143845059

RP11-21L19.1 An RNA gene 2.297884718 ENSG00000254418 6.52E�05 0.047250575

KCNA4 Potassium voltage-gated channel subfamily A

member 4

2.565790939 ENSG00000182255 3.50E�07 0.000643565

S100B S100 calcium-binding protein B 2.795342911 ENSG00000160307 7.98E�09 2.94E�05

HOXB2 Homeobox B2 3.321078224 ENSG00000173917 1.19E�05 0.012552207

CTD-2012M11.3 An RNA gene 3.583507162 ENSG00000259603 9.54E�11 4.68E�07

IRX1 Iroquois homeobox protein 1 4.236731758 ENSG00000170549 1.97E�13 2.91E�09
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100% cold methanol at �208C or 4% paraformaldehyde for 15
minutes at room temperature. For immunofluorescence
staining, samples were permeabilized with 0.2% Triton X-100
in PBS for 15 to 30 minutes and blocked with 0.2% BSA in PBS
for 1 hour at room temperature before the addition of the
primary antibody overnight at 48C. Primary antibodies used for
staining are listed (Table 4). Isotype-matched nonspecific IgG
antibodies were used as controls. Image analysis was per-
formed using confocal laser microscopy (LSM700; Carl Zeiss,
Inc., Thornwood, NY, USA).

RESULTS

Characterization of OASCs by Stem Cell Markers

The purpose of this study was to determine the molecular
characteristics of OASC from TAO patients. We have previously
demonstrated that OASC isolated from orbital adipose tissue
express progenitor and stem cell markers.43 In the current
study, immunofluorescence staining with stem cell markers

was performed to characterize the OASCs of controls and TAO.
The OASC expressed low levels of pluripotent stem cell
markers (KLF4, OCT4, Nanog, and Sox2) (Fig. 1A). However,
high expression levels of mesenchymal stem cell markers (CD
90, Nestin, CD146, and PDGFR) were found in these OASCs,
and were similar in both TAO and controls (Fig. 1B). These data
suggest that OASC may be progenitor cells for mesenchymal
lineage.

OASC Differentiation Into Mesenchymal Lineages

To further test the differentiation capacity of OASC as
mesenchymal progenitor cells, OASC from TAO and controls
were then differentiated into adipocyte, osteocyte, and
chondrocyte lineages as described previously.43

OASC From TAO Patients Have a Higher
Adipogenic Capacity

We next compared the adipogenic capacity of OASC from TAO
and control patients. Orbital adipose-derived stem cells were
differentiated into adipocyte lineage by adipogenic cocktails,
consisted of insulin dexamethasone and 3-isobutyl-1-methyl-
xanthine or vehicle control (DMSO). Adipogenic cocktails are
capable of inducing adipogenesis in vitro. After 21 days of
culturing, by oil red O staining, we visualized and quantified
the content of neutral lipid droplets in the adipocytes. Orbital
adipose-derived stem cells from TAO patients demonstrated
an increase in the adipogenesis capacity, as stained with oil
red O and identified by their bright red color (Fig. 2A). The
stained oil red O was extracted with 100% isopropanol and
quantified by the absorbance. Higher absorbance of extracted
oil red O dye in the OASC from TAO patients suggested that
OASC from diseased orbit had higher adipogenic differentia-
tion capacity than controls (Fig. 2A). Quantitative RT-PCR was
used to confirm the upregulation in adipogenesis with the
selected genes involved in the adipogenesis process. Three
adipocyte differentiation markers (PPAR-g, C/EBP-a, and
FABP4) were upregulated in the OASC from TAO patients
when compared with controls (Fig. 2B). These obtained data
suggested that OASC from diseased orbit have a higher
adipogenic capacity.

OASC From TAO Have a Lower Osteogenic
Capacity

Furthermore, we compared the osteogenic capacity of OASC
from TAO and control patients. Orbital adipose-derived stem
cells were differentiated into osteocyte lineage by switching to
osteocyte differentiation medium. After 21 days of culturing,
osteogenesis was assayed by Alizarin Red S staining for

TABLE 3. List of Primers Used for RT-PCR Analysis

Gene Sequence (50->30)

WNT16

Forward primer TACAGCTCCCTGCAAACGAG
Reverse primer TGCCCAACCACATCCAGTTT

HOXB2

Forward primer CTCCCCCTCCCAAAATCGC
Reverse primer GGGAAGGTTTGCTCGAAAGG

ZIC4

Forward primer GGCCAACCACATTTGCTTCT
Reverse primer CTCCCCTCAGTTGGGACTTG

DSC3B

Forward primer AGTGTGCTCTGCCAATGGAT
Reverse primer AACCAGTGTGTCCTCTAATGG

KCNA4

Forward primer CGACAGGGATCTCGTCATGG
Reverse primer GTCAGTGCCCAGTGTGATGA

18S rRNA

Forward primer CGGCTACCACATCCAAGGAA
Reverse primer GCTGGAATTACCGCGGCT

C/EBPa
Forward primer AAGAAGTCGGTGGACAAGAACAG
Reverse primer TGCGCACCGCGATGT

PPARc
Forward primer GATACACTGTCTGCAAACATATCACAA
Reverse primer CCACGGAGCTGATCCCAA

FABP4

Forward primer GCTTTGCCACCAGGAAAGTG
Reverse primer ATGGACGCATTCCACCACCA

Osteopontin

Forward primer TTGCAGCCTTCTCAGCCAA
Reverse primer GGAGGCAAAAGCAAATCACTG

CBFA 1

Forward primer ATGTGTGTTTGTTTCAGCAGCA
Reverse primer TCCCTAAAGTCACTCGGTATGTGTA

Osteocalcin

Forward primer CGCCTGGGTCTCTTCACTAC
Reverse primer CTCACACTCCTCGCCCTATT

collagen II

Forward primer CTGGTGATGATGGTGAAG
Reverse primer CCTGGATAACCTCTGTGA

collagen x

Forward primer AGAATCCATCTGAGAATATGC
Reverse primer CCTCTTACTGCTATACCTTTAC

TABLE 4. List of Primary Antibodies Used for Staining

Antibody Supplier Source Dilution

Oct3/4 Cell Signaling Technology

(Danvers, MA, USA)

Rabbit 200

Nanog Cell Signaling Technology Rabbit 200

Sox2 Cell Signaling Technology Rabbit 200

Klf4 Cell Signaling Technology Rabbit 200

Lin28 Cell Signaling Technology Rabbit 200

PDGFR Abcam (Cambridge, United Kingdom) Rabbit 200

CD90 Abcam Rabbit 200

CD146 Abcam Rabbit 200

Nestin Abcam Mouse 200

Ckit Cell Signaling Technology Rabbit 200
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FIGURE 1. Immunofluorescence staining of OASC for stem cell markers from TAO and control. Orbital adipose-derived stem cells were stained with
(A) pluripotent stem cell markers (KLF4, OCT4, Nanog, Sox2) and (B) mesenchyme stem cell markers (DC 90, Nestin, CD146, PDGFR) in samples
from control adipose tissue. Left column has stem cell markers (green), the right column has the merged photographs, including stem cell markers
(green), F-actin (marker for cytoskeleton, red), and 40,6-diamidino-2-phenylindole (DAPI) (a marker for cell nuclei, blue).
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intracellular calcium levels. Orbital adipose-derived stem cells
from TAO patients demonstrated a decrease in the osteogenic
capacity, as stained with Alizarin Red S and identified by the
red color (Fig. 3A). To quantify the levels of osteogenesis,
Alizarin Red S was extracted and detected calorimetrically by
absorbance. Orbital adipose-derived stem cells from TAO
patients demonstrated a decrease in the osteogenesis capacity,
as indicated by quantification of Alizarin Red S staining (Fig.
3A). Quantitative RT-PCR was used to assay osteogenesis with
the selected genes CBFA, osteopotin, and osteocalcin. All the
osteogenesis markers were downregulated in the OASC from
TAO patients when compared with controls (Fig. 3B). These
results indicated that OASC from TAO might have a lower
osteogenic capacity.

OASC From TAO Have a Lower Chondrogenic
Capacity

Then we compared the chondrogenic capacity of OASC from
TAO and control patients. Similarly, OASC were differentiated
into chondrocyte lineage by switching to chondrocyte
differentiation medium. After 28 days of culturing, chondro-
genesis was assayed by Alcian Blue staining for acidic
polysaccharides. Orbital adipose-derived stem cells cell culture
samples from TAO patients demonstrated a decreased staining
with Alcian Blue (Fig. 4A). Quantitative RT-PCR was used to
assay chondrogenesis with the selected genes Collagen X and
Collagen 2. Both of the chondrogenesis markers were
downregulated in the OASC from TAO patients when

compared with controls (Fig. 4B). These data indicated that
OASC from TAO might have a lower chondrogenic capacity.

Gene Expression Profiling of OASC From TAO
Patients by RNA Sequencing Analysis

Last, we aimed to identify differentially expressed genes of OASC
isolated from TAO patients’ orbital fat. The patients were
classified according to the presence or absence of compressive
optic neuropathy at the time of surgery (3 decompressions were
performed for orbital rehabilitation; Table 1). After isolation and
expansion of OASC from TAO and control tissues, total
messenger RNA sequencing was performed and analyzed.
Differentially regulated genes with a P less than 0.005 (n ¼
156) were used for gene ontology analysis (Table 2) and were
plotted in a heatmap (Fig. 5A). The top five gene ontology
results were tissue development, regulation of multicellular
organismal development, extracellular space, cell development,
and system process (false discovery rate [FDR] < 0.001), which
are all consistent with TAO adipose stem cells being actively
involved in altering the tissue structure of the orbital fat pockets.

For further analysis, a more stringent filter was used (P <
0.0005 and fold change > 1.5) to identify the most promising
genes that may be involved in promoting these alterations. Out
of 54 genes that were selected with these inclusion criteria,
four HOX family genes were upregulated (IRX1, HOXB2,
HOXB3, HOXB3-AS1) and two genes in the WNT signaling
pathways (WNT16, WISP1), three ZIC genes (ZIC4, ZIC2,
ZIC5), and one HOX gene (MSX2) were downregulated.

FIGURE 2. Adipocyte differentiation and cellular characterization. (A) Orbital adipose-derived stem cells cell culture samples from TAO and controls
patients were differentiated into adipocyte lineage. Representative images of lipid droplet stained with Oil Red O in differentiated OASC are shown.
(B) Quantitative RT-PCR was used to confirm upregulation in adipogenesis with the selected genes involved in the adipogenesis process. The three
genes selected PPAR-g, C/EBP-a, and FABP4 were assayed (*P < 0.05, **P < 0.01).
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DISCUSSION

In this study, we report the differential gene expression
profiling of OASC from TAO patients and controls. While our
data revealed several differentially expressed gene profiles

between diseased and control patients, we found that genes
related to developmental morphogenesis and lineage commit-
ment were predominantly dysregulated in TAO. Unlike
previous gene expression profiling studies that analyzed orbital
fat pads and extraocular muscle,17,38,44 the current study did

FIGURE 3. Osteocyte differentiation of OASC. (A) Alizarin Red S staining for osteogenesis in OASC cell culture sampled from TAO and controls
patients. (B) Quantitative RT-PCR was used to confirm upregulation of osteogenesis with the selected genes CBFA, Osteopotin, and Osteocalcin. *P
< 0.05.

FIGURE 4. Chondrocyte differentiation of OASC. (A) Alcian Blue staining for chondrogenesis assay in OASC cell culture samples from TAO and
controls patients. (B) Quantitative RT-PCR was used to confirm upregulation of chondrogenesis genes Collagen X and Collagen 2. *P < 0.05.
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not detect any significant different expression in genes related
to inflammation (RNAseq dataset, Table 2). These findings
suggest that our data may reveal the intrinsic cellular
characteristics of the stem cell niche that are otherwise
masked by the massive immunogenic response in the tissue
from TAO patients. Extrinsic factors such as inflammatory
cytokines are less likely to be detected by RNA-Seq because
they are diluted over the passages in cell culture system. Our
findings also suggested that the genetic expression differences
in the stem cell populations of TAO might be related to
developmental origins, such as HOX genes and early neural
crest development. The top five gene ontology results
identified from our RNA-Seq were tissue development,
regulation of multicellular organismal development, extracel-
lular space, cell development, and system process (FDR <
0.001). These are all related to the developmental origins of
OASC and may affect how these cells are implicated in tissue
remodeling of the orbital fat pockets in TAO.

Loss of WNT Signaling in TAO Promotes
Adipogenesis

Progenitor cells for neural crest lineage are capable of
differentiating into adipocytes, osteocytes, and chondro-
cytes.45 Many intracellular signaling pathways tightly regulate
these differentiation processes. It is well known that canonical
WNT signaling regulates the neural crest progenitor cell fate.46

Similarly, activation of WNT/Beta-catenin pathway will sup-
press commitment to the adipocyte lineage while promoting
differentiation into osteocytes by stimulating Runx2 expres-
sion.47,48 Previous gene expression profiling studies using
whole orbital fat pads have also identified dysregulation of

WNT in TAO patients.37,49 The OASC compartment represents
the stem/progenitor cell population of orbital fat and only
account for a small portion of cells in the orbital fat pad. Our
results demonstrated that WNT signaling was significantly
suppressed in the OASC populations derived from TAO
patients. Downregulation of WNT signaling pathways in the
OASC from TAO patients can lead to the expansion of a cell
population committed to the adipocyte lineage and eventually
to the hypertrophy of the orbital fat pads (Fig. 6). The changes
in the cell lineage commitment also correlates with our finding
that OASC populations derived from TAO patients have an
increased adipogenic potential and a decreased osteogenic
and chondrogenic responses. Compared with previous gene
expression profiling studies for WNT pathways, we found a
novel dysregulated gene, Wnt1-inducible signaling pathway
protein-1 (WISP1) in the OASC from TAO patients. The WISP1

signaling pathway plays a key role in mesenchymal stem cell
proliferation as well as adipogenesis.50 Recent studies suggest
that WISP1 is linked to obesity, inflammation, and insulin
resistance.51 Future studies on WISP1 dysregulation in the
OASC populations derived from TAO patients might provide
further insight into the pathophysiology of TAO.

Loss of Early Neural Crest Specifiers in OASC From
TAO Patients

Interestingly, compared with adipose tissues in the other parts
of the body, orbital fat seems to be the one most affected in
TAO patients.52 Yet, it is still unknown why orbital fat pads
show such vulnerability to the systemic immune response in
TAO. Other than the tissue components and bony restrictive
confines of the orbit, this phenomenon may be partially

FIGURE 5. RNA-sequencing analysis of OASC from TAO patients. RNA sequence analysis was performed with the OASC from TAO patients and
controls. From the genes that showed differential expression, the ones with P < 0.005 (n¼ 156) were plotted in a heatmap (A) and in a table (B).
Reverse transcription PCR results from differentially expressed genes in RNA sequencing analysis comparing controls and TAO cases. Reverse
transcription PCR results from three upregulated genes DSC3B, HoxB2, and KCNA4 (C) and two downregulated genes ZIC45 and WNT16 (D) *P <
0.05, **P < 0.01.
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attributed to the unique developmental origin of orbital fat
pads. While white adipose tissue was historically considered a
homogeneous organ, recent studies indicate that white
adipose tissue from each fat depot has its own unique
developmental gene expression signature.53 As with general
body patterning in vertebrates, analysis of specific develop-
mental gene expression signatures in the various adipose
deposits in the body reveals a strong correlation with site-
specific members of the HOX gene family.53,54 In addition, the
medial fat pads of the upper eyelid and the lower eyelid fat
pads are derived from the migrating cranial neural crest, while
the central fat pad in the upper eyelid is derived entirely from

mesoderm.55 The neural crest is a transient population of
migrating cells induced at the boundary between the surface
ectoderm and neural plate.56

Specification of early neural crest progenitor cells begins as
early as the gastrula stage: the presumptive neural crest starts
to develop at the edges of the neural plate with specification
of the neural plate border between neural ectoderm and
surface ectoderm.56,57 As the neural tube forms, progenitors
for the neural crest are specified in the dorsal edges of the
invaginating neural tube. Later on, cranial neural crest cells
undergo an epithelial-to-mesenchymal transformation, delam-
inate and migrate in a dorsal to ventral manner to produce

FIGURE 6. Model for the dysregulation of HOX genes and WNT signaling pathways: HOX genes: (A) canonical WNT signaling regulates the neural
crest progenitor cell fate. In the normal OASC, activated WNT/Beta-catenin pathway can suppress commitment to the adipocyte lineage.
However, in the OASC from TAO patients, downregulated WNT signaling pathway fail to suppress the adipogenesis pathways in normal OASC,
leading to the upregulation of adipogenesis and adipose tissue hypertrophy in the TAO patients. (B) The anterior–posterior patterning of HOXB

gene located on chromosome 11 is illustrated. The diencephalic and mesencephalic neural crest cells give rise to the connective tissues
surrounding the eye, including the medial orbital fat pad. During normal development, HOX genes expression is normally absent in neural crest
cells HOXB gene clusters are all gray to show that there is no expression. However, in the TAO patients, the red box indicated that the ectopic
expression of HOXB gene.
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craniofacial mesenchyme.58 These cells give rise to bone,
cartilage, nervous structures, and adipose tissue of the face. To
specify the neural plate border, signaling molecules like FGFs,
WNTs, and bone morphogenetic proteins (BMPs) help
establish the presumptive neural crest region.59 Later on,
transcriptional factors such as presumptive neural crest
specifier PAX7, ZIC genes, MSX2 are activated for neural
crest lineage specification.59 From our data, WNT signaling
pathways (WNT16, WISP1), three ZIC genes (ZIC4, ZIC2,
ZIC5), and one HOX gene (MSX2) are downregulated in TAO
patients. This data could indicate that OASC derived from TAO
inherit gene expression signatures with dysregulated neural
crest cell developmental pathways, or that OASC reactivate a
discordant developmental program in response to the
autoimmune process. Regardless, downregulation of these
early neural crest specifiers suggests that neural crest lineage
specifiers are downregulated in OASC derived from TAO
patients.

Ectopic Expression of HOX Genes in OASC From
TAO Patients

During the anteroposterior patterning in embryonic develop-
ment, neural crest cells are induced along the axis, generating
nested expression domains of homeobox genes according to
their anteroposterior identities.60,61 Derived from the most
anterior segment, cranial neural crest cells give rise to several
tissue types surrounding the eye, including bones, cartilage,
and connective tissue.62–64 However, HOX gene expression is
normally absent in neural crest cells derived from diencephal-
ic, mesencephalic and metencephalic origin.65,66

HOXB2 and
HOXB3 are normally expressed up to the boundary between
the second and third rhombomere in the hindbrain.67 Because
the expression of HOX genes is tightly controlled during
development, the ectopic expression of HOXB2 and HOXB3 in
the OASC derived from TAO patients may be implicated in the
pathogenesis and site-specificity of TAO (Fig. 6). Among those
developmental genes, HOXB2 and HOXB3 are transcriptional
factors containing homeobox DNA-binding domains. They are
important components of the developmental regulatory
network that specifies cellular positions and identities along
the anterior–posterior axis.66,68 Moreover, Iroquois Homeobox
1 (IRX1) also belongs to the Iroquois homeobox protein family
which is similarly involved in pattern formation during embryo
development.69 Our results show significant dysregulation of
HOX genes expression in the OASC populations derived from
TAO patients. These intrinsic genetic and developmental
changes might be implicated in orbital tissue susceptibility in
TAO.

Cellular and Developmental Origins of OASC From
TAO Patients

Orbital adipose-derived stem cells from normal orbital fat pads
and the medial eyelid fat are derived from the migrating cranial
neural crest.55 Orbital adipose-derived stem cells are derived
from cranial neural crest origin where HOX genes expression is
normally absent.66 Meanwhile, these OASC typically express
genes specifying early neural crest identifies, such as PAX7,
ZIC genes, and MSX2.59 However, from our RNA-Seq data,
OASC from TAO patients ectopically express HOX genes and
present a diminished expression of early neural crest
specifiers. The following two working models can explain
these phenomena: the first model we propose is ectopic
expression of HOX genes is due to dysregulation in intrinsic
epigenetic modifications. In TAO, inflammatory process can
activate transcription factors such as nuclear factor kappa-B,
FOXP3, IRF, and STAT family proteins. These transcriptional

factors can cause epigenetic alteration, including DNA
methylation and histone modifications, which are critical in
the inflammatory response.70 These could be attributed to
changes of chromatin structure pertaining to the HOX gene
locus in the OASC from TAO patients. Environmental factors,
such as smoking, might affect the epigenetic regulation of HOX

genes. Another model we propose is that those activated
fibroblasts in orbital fat pad from TAO patients are derived from
infiltrating fibrocytes, as fibrocytes have been shown to
infiltrate the orbit in TAO.19,71 These CD34þ infiltrating
fibrocytes are monocyte-lineages progenitors from the bone
marrow that have been found in many aspects of biological
processes, such as wound healing, tissue remodeling, and
immune functions.71–73 Because these CD34þ fibrocytes
originate from bone marrow but not cranial neural crest, that
may explain our data showing that OASC in patients with TAO
ectopically express HOX genes usually found in the lower
segment of the body but do not express early neural crest
specifiers. Our results imply that the OASC from TAO patients
are derived from hematopoietic lineage instead of neural crest
lineages as in the normal orbital adipose tissue. In this case, our
model about the involvement of fibrocytes in TAO not only can
explain the cellular origin of OASC in TAO but also may shed
light on general mechanism of the participation of fibrocytes in
other types of autoimmune disease.

Limitations to this study include the small study size and
inclusion of patients with both active TAO with compressive
optic neuropathy, and patients undergoing orbital rehabilitative
surgery. Further studies looking at these pathways stratified by
clinical activity score, duration of disease and treatment
modality may provide additional information on pathogenic
progression. In the current study, subanalysis by these clinical
factors did not yield meaningful alterations, likely because of
the small study size. While the fact that we did not find a
significant difference in gene expression patterns between
these two subgroups is likely due to small sample size, it is also
possible that activated fibroblasts are the common source that
can cause Type 1 and Type 2 TAO by adipogenesis and fibrosis
respectively. Our RNA-Seq data revealed mostly intrinsic
developmental pathways rather than inflammation genes, and
the pathways we found could be general mechanisms that
contribute to both subtypes of TAO. Further analysis is
necessary to better understand the role of these alterations
based on disease subtype and activity.

In conclusion, analysis of the genetic alterations of the
OASC, which may have unique multipotency and immuno-
modulatory roles, can provide a better understanding of the
pathophysiology of TAO. Additional studies comparing the
local stem cell population with the bone marrow MSC
population may provide information regarding the homing of
stem cells to areas of disease activity, such as has been well
described in other autoimmune diseases.16,40–42,50 In addition,
further analysis of novel dysregulated genes such as WISP1 may
elucidate key targets for therapy.
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