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Abstract: Thyroid cancer is the most common endocrine malignancy. Although an association between inflammation
and thyroid cancer has long been recognized, a cause-effect relationship at the molecular level has yet to be
elucidated. We explored how inflammation could contribute to thyroid carcinogenesis in Thrb”/?"Pten*” mice. The
ThrbP”®?Pten*” mouse expresses a dominantly negative thyroid hormone receptor 3 (denoted as PV) and a deletion
of one single allele of the Pten gene. This mutant mouse exhibits aggressive follicular thyroid cancer similarly as in
patients. We found significantly increased infiltration of inflammatory monocytes in thyroid tumors of Thrb™/*'Pten*
mice, while no apparent changes in monocyte homeostasis in the bone marrow and blood of tumor-bearing mice.
Using global gene expression profiling, we found altered expression of inflammation mediators in that the expression
of Ptgs1, Sphk1, OPN, Chil1, Tnfrsf18, IL6, and Ccl12 genes was significantly increased and expression of Kit, Ly96,
Ephx2, CD163, IL15, and Ccr2 was significantly decreased. Subsequent validation of the gene expression by mRNA
analysis prompted us to further delineate the inflammatory role of osteopontin (OPN) in thyroid carcinogenesis
because of its critical role in monocyte/macrophage functions and proinflammatory responses. We found that the
protein abundance of OPN and its receptor, integrin B1, was highly increased and, concurrently, the downstream
effectors AKT and NF-kB were significantly elevated to drive thyroid tumor progression of Thrb™/?Pten* mice. These
results demonstrated that increased inflammation driven by elevated expression of immune-related genes and cy-
tokines promoted thyroid cancer progression. Importantly, we uncovered OPN as a novel regulator in inflammatory
response during thyroid carcinogenesis. These preclinical findings suggested that OPN can be a potential target for
thyroid cancer therapy via modulation of inflammatory signaling.

Keywords: Inflammation, activated monocytes, thyroid cancer, cDNA microarrays, apoptosis, AKT signaling, osteo-
pontin, integrins

Introduction in de-differentiated and anaplastic thyroid can-

cer. Some of the identified molecular targets

Thyroid cancer is the most common endocrine
malignancy and its incidence is rapidly increas-
ing worldwide. There are three major types:
well-differentiated thyroid cancer (WDTC)
including the papillary and follicular histological
types, poorly differentiated thyroid cancer
(PDTC), and anaplastic thyroid cancer (ATC).
The prognosis of WDTC is good, with a 10-year
survival rate of 90-95%. For PDTC and ATC, the
prognosis is poor, especially for patients ATC
who rarely survive beyond 1 year from the time
of diagnosis. Intensive efforts in the past
decades have identified many genetic lesions

were tested in patients in clinical trials with
some positive, though limited, outcomes.
Recent technological advances in targeted
next-generation sequencing have uncovered
many novel genetic events previously not identi-
fied in PDTC and ATC [1, 2]. Some of the key
players involved in the genetic alterations could
eventually move forward to be tested for their
treatment efficacy in patients with advanced
thyroid cancer. However, regulators that play
key roles in the tumor microenvironment to
affect thyroid cancer progression (e.g., inflam-
mation/immunity) that could also be consid-
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ered as opportunity for potential novel treat-
ment modality in thyroid cancer have been less
explored. One possible reason is that the
molecular basis underlying cause-effect of
inflammation/immunity and thyroid cancer pro-
gression has not been fully elucidated.

Inflammation is a crucial function of the innate
immune system that protects against patho-
gens and initiates specific immunity. Acute
inflammation is a rapid and self-limiting pro-
cess. However, either the abnormal persistence
of the stimuli that induced the inflammatory
response or the failure of the mechanisms that
make it end results in chronic inflammation [3].
A relationship between chronic inflammation
and cancer was first hypothesized by Virchow in
the nineteenth century on the basis of observa-
tions that tumors often arose at sites of chronic
inflammation and that inflammatory cells were
present in biopsied samples from tumors [4].
Since then, epidemiological studies and animal
models have demonstrated that cancer and
inflammation are closely linked. Several human
cancers arise from inflammatory responses
due to infectious agents. Nonetheless, tumors
without a microbial background could present
signs of “smoldering inflammation” [5]. Key fea-
tures of cancer-related inflammation include
the infiltration of lymphocytes, prominently
tumor-associated macrophages (TAMs), the
presence of mediators and cellular effectors of
inflammation. [Cytokines such as tumor necro-
sis factor (TNF), interleukin (IL)-1, IL-6; chemo-
kines such as CCL2 and CXCLS; prostaglandins
such as Cox2 and ptgsl], and the occurrence of
tissue remodeling and angiogenesis [5, 6].

Evidence for an association of WDTC with
inflammation comes from observations that a
mixture of immune cells frequently is found
within primary thyroid tumors [7-10]. Yet, the
role of immune-inflammatory responses in thy-
roid carcinogenesis has been debated. One
study reported that advanced thyroid cancers
such as PDTC and ATC have less lymphocytic
cell and dendritic cell filtration than PTC, sug-
gesting infiltrated lymphocytes and dendritic
cells could be protective in thyroid cancer [11].
Other studies, however, reported that immune
cells such as TAMs are pro-tumorigenic in that
increased TAM infiltration in PDTC was positive-
ly correlated with capsular invasion, extrathy-
roidal extension, and poor prognosis [12].
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Further, interconnected TAMs closely intermin-
gled with cancer cells were reported to be
directly related with the aggressiveness of ATC
[13]. Recently, transcriptome analysis by next-
generation sequencing identified an enrich-
ment of M2 macrophage gene signatures with
patient-derived ATC tumors, further supporting
the pro-tumorigenic role of TAMs [1]. Even so,
molecular changes in immune-infammatory
responses during thyroid cancer progression
have yet to be fully elucidated.

In the present studies, we aimed to identify the
altered immune-inflammatory responses at the
molecular level during thyroid cancer progres-
sion by using a mouse model (Thrb™*VPten*"
mice). The Thrb™/FPPten”" mouse expresses a
potent dominantly negative thyroid hormone
receptor 3 (TRBPV) with a deletion of one allele
of the Pten gene. This Thrb"?YPten”- mouse
has previously been shown to fully recapitulate
human follicular thyroid cancer [14] and has
been used as a preclinical model for testing
potential molecular targets [15, 16]. Using glob-
al gene expression profiling, we identified
altered expression of a large number of inflam-
mation-related genes during thyroid carcino-
genesis, demonstrating that increased in-
flammation driven by elevated expression of
immune-related genes and cytokines promoted
thyroid cancer progression. Further in-depth
analysis showed pathways initiated from osteo-
pontin (OPN) play key roles in affecting immune-
responses during cancer development, sug-
gesting that OPN can be a potential target for
thyroid cancer therapy via modulation of
immune-inflammatory signaling.

Materials and methods
Mice

Animal protocols for care and handling in the
present study were approved by the National
Cancer Institute Animal Care and Use Com-
mittee. Generation of Thrb™?'Pten*- mice was
described in previous studies [14].

RNA quality analysis and microarray

Total RNA from thyroid tissues was isolated
using Trizol (Thermo Fisher Scientific, Waltham,
MA). Quality of RNA was confirmed with the
Agilent RNA 6000 Nano Kit (Agilent Tech-
nologies, Santa Clara, CA). Total RNA was used
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for the expression analysis using Affymetrix
Clariom S arrays (Thermo-Fisher, Grand Island,
NY) according to the manufacturer’s protocol.
The Cancer Genome Atlas (TCGA) data were
downloaded from Firebrowse (http://fire-
browse.org/).

RNA extraction and RT-qPCR

Total RNA was isolated from thyroid tissues
using Trizol (Thermo Fisher Scientific, Waltham,
MA). RT-gPCR was performed with one step
SYBR Green RT-qPCR Master Mix (Qiagen,
Valencia, CA). The mRNA level of each gene was
normalized to the GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) mRNA level. The
primer sequences are listed in Table S1.

Western blot analysis

Western blot analysis from thyroid tissues was
carried as described previously [16]. 30 ug of
protein sample was loaded and separated for
the analysis. Primary antibodies for OPN
(1:1000 dilution) and NF-kB p65 (1:1000) were
purchased from abcam (Cambridge, MA). p-AKT
(1:1000 dilution), total-AKT (1:2000 dilution),
and p-BAD (1:500 dilution) were purchased
from Cell Signaling Technology (Danvers, MA).
Antibodies for Integrin 1 (1:1000 dilution),
Cox2 (1:500 dilution), TGF-B1 (1:500 dilution),
and TNF-a (1:500 dilution) were purchased
from Santa Cruz Biotechnology (Dallas, TX).
F4/80 antibody (1:500 dilution) was purchased
from Thermo Fisher Scientific (Waltham, MA).
B-Actin antibody was purchased from (Sigma-
Aldrich, St. Louis, MO). Band intensities were
quantified by using NIH IMAGE software (Image
J 1.48v).

Histopathologic analysis and immunohisto-
chemistry

Thyroid gland was fixed in 10% neutral-buffered
formalin (NBF, approximately 4% formaldehyde)
(Sigma-Aldrich, St. Louis, MO) and subsequent-
ly embedded in paraffin. 5-um-thickn sections
were stained with hematoxylin and eosin
(HistoServ, Germantown, MD). Immunohisto-
chemistry (IHC) was conducted similarly as
described [17]. Primary antibodies for OPN
(1:300 dilution) and NF-kB p65 (1:500 dilution)
were purchased from abcam (Cambridge, MA).
F4/80 (1:200 dilution) antibody was purchased
from Thermo Fisher Scientific (Waltham, MA)
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for immunohistochemistry. A primary antibody
was incubated with tissue section overnight at
4°C. Peroxidase activity from the secondary
antibody was developed with diaminobenzidine
(DAB). And the sections were counterstained
with hematoxylin.

Flow cytometry analysis

The sources of antibodies and fluorophore-
labeled antibodies used in FACS analyses are
listed in Table S2. Blood samples were collect-
ed and their red blood cells were lysed using an
ACK lysis buffer (Quality Biological, Gaithersburg
MD). Cells were also isolated from thyroid tis-
sues and prepared as a single-cell suspension
by physical dissociation. Single-cell suspen-
sions were first incubated with Fc receptor
blocking Abs (CD16/CD32, Thermo Fisher
Scientific, Waltham, MA) for 15 min on ice and
incubated for 30 min with indicated mouse
antibodies on ice and washed with PBS + 2%
BSA buffer. Stained cells were analyzed using a
BD Fortessa Il flow cytometer (BD Biosciences,
San Jose, CA). FACS measurements were com-
pensated and analyzed using FlowJo, LLC (Tree
Star Inc, Ashland, OR).

Statistical analysis

All statistical analyses and the graphs were
performed and generated using GraphPad
Prism version 7.0 (GraphPad Software, La Jolla,
CA). P<0.05 is considered statistically signifi-
cant. All data are expressed as mean + SEM.

Results

Increased infiltration of inflammatory mono-
cytes in thyroid tumors of Thrb™/*"Pten*- mice

We used Thrb™"VPten” mice as a preclinical
model to study how inflammatory microenviron-
ment changes impacted thyroid carcinogene-
sis. Our previous study showed that the 50%
survival age of ThrbP?“P"Pten*” mice was at ~5.5
months [14]. Consistent with previous data,
Thrb?"'Pten*- mice became moribund with
signs of palpable tumors, rapid weight loss,
hunched posture, and labored breathing after 4
months of age. Therefore, thyroid tissues in this
study were collected from mice whose age was
between 4 and ~6 months when mice were
showing the above symptoms. Thyroid tumors
in Thrb?”P"Pten™” mice were significantly larger
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than thyroid tissue of wild-type controls (Figure
1A, panel b versus panel a). Further, H&E
staining showed that the histologic features
were changed from normal thyroid follicular
cells in wild-type mice to tumor phenotype in
ThrbP?'Pten*- mice (Figure 1A, panel ¢ versus
panel d).

It is known that monocyte/macrophage lineage
cells accumulate in the tumor microenviron-
ment of many types of human and murine
tumors and are thought to regulate tumor
development [18]. Monocytes differentiate in
the bone marrow and circulate throughout the
body in responding to inflammation and infec-
tion. Therefore, we first examined the thyroid
tissues of wild-type and Thrb”?'Pten*- mice
using surface markers for the identification of
the monocyte population. Monocytes are bone
marrow-derived mononuclear phagocytes that
circulate in the blood stream. In mice, circulat-
ing monocytes are classically defined by expres-
sion of CD115 (CSF1R), a receptor for the mac-
rophage growth factor CSF1 (M-CSF) [19].
Accordingly, we gated the CD115*-associated
population in the leukocytes using single cell
suspension from thyroid tissue of wild-type and
ThrbP?YPten*- mice. Monocytes can be divided
intwo main subsetsin mice: Ly6C*-inflammatory
monocytes that are rapidly recruited to the site
of inflammation, and Ly6C-monocytes that
patrol the blood vessels [20]. In addition to two
monocyte subsets, investigators have reported
other subsets of monocytes expressing major
histocompatibility complex class Il (MHC 1)
and varying levels of Ly6C [21, 22]. We there-
fore first gated single cells from thyroid tis-
sues of WT mice and Thrb?"Pten”- mice:
CD115*Lineage (CD3-CD19-NKp46-Ter119-
Ly6G-Scal) from leukocyte population, fol-
lowed by selection of matured monocytes using
CD11b*cKit. We found that thyroid tumor tis-
sues were significantly infiltrated with mono-
cytes (10.2% of CD11b*cKit cells in CD115*Lin
population) while normal thyroids were essen-
tially devoid of monocytes (1.7% of CD11b*cKit
cells in CD115*Lin" population). Since inflam-
matory monocytes were considered to have
increased expression of MHC Il [22, 23], we
examined % inflammatory monocytes populat-
ed in Q2 + Q3 area of Figure 1Bl, panels a and
b. Quantitative graphing showed that inflamma-
tory monocytes were increased by 7-fold in the
thyroid tumors of Thrb??'Pten”- mice com-
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pared with wild-type mice (Figure 1BIl). These
results indicate that monocytes with an inflam-
matory state had significantly infiltrated the thy-
roid tumor microenvironment of Thrb”*'Pten
mice. Strikingly, we found that the distribution
of monocytes in the blood (Figure 1C) and bone
marrow (not shown) compartments were essen-
tially identical for normal control and tumor-
bearing mice. These findings strongly suggest-
ed that the thyroid tumor microenvironment
sustains the elevation of inflammation in a
compartmentalized and localized manner.

Alterations in the global gene expression pro-
files in thyroid tumors of Thrb™/?Pten*- mice

To examine altered expression of inflammation-
related genes during thyroid carcinogenesis,
we compared global gene expression profiles of
thyroid tissues between wild-type and Thrb™
PYPten*” mice by using cDNA microarray analy-
sis. Hierarchical clustering of the top 50 differ-
entially expressed genes showed that expres-
sion patterns between wild-type and Thrb™”
PYPten*- mice (Figure 2A). A total of 2,322 dif-
ferentially expressed genes with changes more
than 2-fold (with FDR <0.05; Figure 2B) were
detected. Among these genes, 1,062 were up-
regulated and 1,260 were down-regulated.

Additional functional enrichment analyses
showed sixty-three inflammation-related genes
were further classified based on KEGG pathway
information. Pathway overrepresentation analy-
sis highly ranked multiple genes related to cyto-
kine-cytokine receptor interaction, chemokine
signaling pathway, and NF-kB signaling pathway
(Figure 2C). It is known that the hallmarks of
cancer-related inflammation include the pres-
ence of inflammatory mediators such as che-
mokines, cytokines, and prostaglandins in
tumor tissue. Accordingly, we selected top-
ranking genes for further characterization.
Table 1 shows the down-regulated immune-
related genes in thyroid tumors of Thrb™”
PYPten*- mice compared with wild-type. The
changes ranged from a high of 10.02-fold down
to 2.06-fold. These genes are grouped into
three categories in Table 1. In the inflamma-
tion-regulatory genes category, kit, Ly96,
CD163, and Ehpx2 were decreased in thyroid
tumors of Thrb”/"?VPten*- mice. In the interleu-
kins and chemokines categories, interleukins
(il15 and il18), interleukin receptor and associ-
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Figure 1. Increased inflammatory monocytes in thyroid tumors of Thrb”/?Pten* mice. (A) Thyroid glands of wild-type
(a) and Thrb™*"Pten*- (b) mice of the same age (from 4 to ~6 months) were dissected for H&E staining of thyroid
tissues of wild-type mice (c) and Thrb™/?Pten*- mice (d). (Bl) Analysis of monocyte population in the thyroid tissue of
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wild-type (a) and Thrb™/*'Pten*- (b) mice. Monocytes were analyzed by FACS using cell surface markers. Monocytes
were identified cells in thyroid that had characteristics of leukocytes*CD115*lineage (CD3-CD19-NKp46-Terl19-
LysG-Scal-) cKitCD11b* population. Further analysis using Ly6C and MHCII antibodies yielded detailed classifica-
tion of monocytes in the thyroid tissue of wild-type and Thrb®?'Pten*~ mice. (BIl) Quantification of % MHCII* inflam-
matory monocytes in the thyroid tissue of wild-type (n=20) and Thrb”/?"Pten*” (n=8) mice. (Cl) Analysis of monocyte
population in the blood of wild-type (a) and Thrb™/?"Pten*- (b) mice. Monocytes were analyzed by FACS using same
procedure with (BI). (Cll) Quantification of % MHCII* inflammatory monocytes in the blood of wild-type (n=5) and
Thrb?”?Pten*” (n=3) mice. Values are means + SEM. The P values are indicated.
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Figure 2. Comparison of gene expression profiles of thyroid tissue of wild-type and Thrb”/?Pten*- mice. A. Hierarchi-
cal clustering analysis of the differential gene expression in thyroid tissues of wild-type (n=4) and Thrb™/*'Pten*
(n=4) mice. B. Bar graph show the number of differentially altered total genes (2,322), up-regulated genes (1,062),
and down-regulated genes (1,260) in thyroid tumors of Thrb?”?Pten*” mice compared with wild-type mice. C. Bar
plots show the most consistent hallmark pathways of immune related target genes in thyroid tumors of Thrb?/*p-
ten*” mice (P<0.05 and fold change >2).

ated genes (il15ra, il17re, irak3, and il1rl), and compared with wild-type mice, respectively
chemokines (Ccl21, Cxcl12, Ccr2, and Cxcl15) (Figure 3A, panels e and f).

were decreased in thyroid tumors of Thrb™” .

P/Pten*- mice. We further validated the array Table 2 shows the up-regulated immune-relat-

ed genes in thyroid tumors of Thrb"*Pten*
mice compared with wild-type. The changes
ranged from a high of 19.85-fold down to 2.07-
fold. We grouped these genes into three cate-
gories as in Table 1: Inflammation regulatory
genes (5 genes were detected), interleukin-
related genes (6 genes were found), and che-
mokines (6 genes were identified).

data using RT-gPCR. Consistent with gene array
data, mRNA expression profiling showed that
kit was decreased 74% in the thyroid tumors of
Thrb™?VPten”- mice compared with wild-type
mice (Figure 3A, panel a). The expression of
ly96 was decreased 64% (Figure 3A, panel b),
and anti-inflammation related genes such as
CD163 and Ephx2 were decreased 83% and

57% in the thyroid tumors of Thrb™”*Pten” We selected genes for validation based on their
mice compared with wild-type mice, respective- functions related to inflammation. RT-gPCR
ly (Figure 3A, panels c and d). The expressions data showed a significant increase in the
of il15 and ccr2 were decreased 80% and 61% expression of inflammatory mediators [such as
in the thyroid tumors of Thrb””"Pten”- mice Ptgs1 (3.1-fold), Sphk1 (7.5-fold), Sppl (OPN,
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Table 1. Down-regulated immune-related genes in thyroid tumors of Thrb””*Pten*

Gene Gene name Fold change
Inflammation-regulatory genes Kit KIT Proto-Oncogene Receptor Tyrosine Kinase -10.02
Ly96 Lymphocyte Antigen 96 -4.31
Cd163 CD163 antigen -3.56
Ephx2 Epoxide Hydrolase 2 -4.19
Interleukins IL15 Interleukin 15 -4.48
I115ra Interleukin 15 receptor, alpha chain -2.92
1118 Interleukin 18 -2.24
117re Interleukin 17 receptor E -2.06
Irak3 Interleukin-1 receptor-associated kinase 3 -2.83
1r1 Interleukin 1 receptor, type | -5.39
Chemokines Ccl21a  Chemokine (C-C motif) ligand 21A -2.21
Ccl21b  Chemokine (C-C motif) ligand 21B -5.84
Ccl21c  Chemokine (C-C motif) ligand 21C 2,72
Cxcl12  Chemokine (C-X-C motif) ligand 12 -3.33
Ccer2 Chemokine (C-C motif) receptor 2 -8.26
Cxcll5  Chemokine (C-X-C motif) ligand 15 -6.24

4.9-fold), Chill (9.8-fold), Tnfrsf18 (9.4-folds),
IL6 (7.5-fold), and Ccl12 (3.2-fold)] in thyroid
tumors of Thrb/P"Pten*” mice (Figure 3B).

To further understand how those inflammatory
regulators are modulated in human thyroid can-
cer patients, we used gene expression profiles
from The Cancer Genome Atlas (TCGA) data
(Figure 3C). Gene expression data from 509
thyroid cancer patients showed increased
expression in the following genes (the fold
increases are shown in parentheses): SPHK1
(2.6), SPP1 (2.8), TNFRSF18 (3.9), ILIRAP (5.4),
CXCL17 (17), and CHI3L (17). TCGA data also
showed decreased expression of KIT (91%),
EPHX2 (20%), IL15 (20%), and CCR2 (10%) in
thyroid cancer patients as compared with nor-
mal healthy subjects. The concordance in the
altered expression patterns of the genes listed
above between thyroid cancer patients and thy-
roid tumors of Thrb”?'Pten”- mice clearly
shows the relevance and validity of the differ-
entially expressed genes uncovered in the thy-
roid tumors of Thrb™/FPten”" mice. Taken
together, these results suggest that increased
inflammation in thyroid tumor microenviron-
ment promotes thyroid carcinogenesis of
ThrbPPYPten*" mice.

Increased expression of osteopontin (OPN)
and OPN-related inflammatory targets in thy-
roid tumors of Thrb™/?"Pten*- mice

To understand how increased infiltration of
inflammatory monocytes (see Figure 1B) and
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altered expression of inflammatory-related
genes (Tables 1 and 2) could contribute to thy-
roid carcinogenesis, we sought to identify key
regulators impacting tumor progression. Among
the pro-inflammatory mediators that were high-
ly regulated in thyroid tumors listed in Table 2,
secreted phosphoprotein 1 (SPP1, also known
as osteopontin [OPN]) encoded by the Sppl
gene caught our attention. OPN is a secreted
protein present in body fluids and tissues. OPN,
when bound to its receptor, integrin 1, regu-
lates signaling cascades affecting adhesion,
migration, invasion, chemotaxis, and cell sur-
vival [24, 25]. A variety of cells and tissues
express OPN, including the bone, vasculature,
kidney, inflammatory cells, and numerous
secretory epithelia [26, 27]. Normal physiologi-
cal roles of OPN include the regulation of
immune functions, vascular remodeling, wound
repair, and developmental processes [28]. OPN
also is expressed in many cancers, and elevat-
ed levels in tumors and blood from patients are
associated with poor prognosis [29, 30]. Within
a tumor mass, OPN is expressed in both the
tumor cells and cellular components of the
tumor microenvironment such as macrophages
and stromal cells [31]. The main role of OPN
during inflammation is eliciting functional
responses in leucocytes and inducing cytokine
secretion, to direct the immune response [32,
33]. The critical roles of OPN in cancer and
inflammation prompted us to focus our study
on understanding how OPN mediates inflam-
mation in thyroid cancer.

Am J Cancer Res 2019;9(7):1439-1453
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Figure 3. Alteration of inflammation-related genes in thyroid tumors of Thrb?*Pten* mice. A. gPCR results of
down-regulated inflammation modulators for kit (a), Ly96 (b), CD163 (c), Ephx2 (d), IL15 (e), and CCR2 (f) in thy-
roid tumors of Thrb™/?'Pten*- mice (n=4) compared with wild-type mice (n=4). The mRNA level of each gene was
normalized to the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA level. Values are means + SEM. The
P values are indicated. B. qPCR results of up-regulated inflammation modulators for Ptgs1 (a), Sphk1 (b), Sppl
(OPN) (c), Chill (d), Tnfrsf18 (e), II6 (f), and Ccl12 (g) in thyroid tumors of Thrb™/*Pten*” mice (n=4) compared with
wild-type mice (n=4). The mRNA level of each gene was normalized to the GAPDH mRNA level. Values are means +
SEM. The P values are indicated. C. Expression profile analysis of TCGA data to indicate up-regulated genes (SPHK1,
SPP1, TNFRSF18, IL1RAP, CXCL17, and CHI3L1) and down-regulated genes (KIT, EPHX2, IL15, and CCR2) in normal

thyroid (n=58 to ~59) and thyroid tumor from patients (=503 to ~509).

Table 2. Up-regulated immune-related genes in thyroid tumors of Thrb™/**Pten*"

Gene Gene name Fold change

Inflammation-regulatory genes Ptgs1l Prostaglandin-Endoperoxide Synthase 1 19.85
Sphk1l Sphingosine Kinase 1 12.46

Sppl Secreted Phosphoprotein 1, Osteopontin (OPN) 8.26

Chill  Chitinase-like (mouse), Chitinase 3-like (CHI3L1, Human) 4.09

Tnfrsf18 TFN Receptor Superfamily Member 18 7.9

Interleukins 116 Interleukin 6 2.13
1110rb  Interleukin 10 receptor, beta 2.07

lllrap Interleukin 1 receptor accessory protein 2.71

124 Interleukin 24 2.46

Nfil3  Nuclear factor, interleukin 3, regulated 4.22

ll4ra  Interleukin 4 receptor, alpha 3.12

Chemokines Cxcrd  Chemokine (C-X-C motif) receptor 4 2.44
Cxcll7 Chemokine (C-X-C motif) ligand 17 15.14

Ccl12  Chemokine (C -C motif) ligand 12 2.32

Cc18 Chemokine (C -C motif) ligand 8 2.79

Cxcrd  Chemokine (C-X-C motif) receptor 4 2.44

Ackr3  Atypical chemokine receptor 3 2.14

Western blot analysis showed that the protein
abundance of OPN was significantly increased
in thyroid tumors of Thrb™"'Pten” mice. The
full length form of OPN (Figure 4A, panel a) and
the matrix metalloproteases (MMP) cleaved
form of OPN (Figure 4A, panel b) were signifi-
cantly increased in thyroid tumors of Thrb?”
PYPten*” mice (Figure 4A, panels a and b, lanes
4-6) compared with wild-type control (Figure
4A, panels a and b, lanes 1-3). Quantitative
analysis indicated that the full length OPN and
MMP cleaved OPN were increased 1.5-fold
(Figure 4B, panel a) and 4.8-fold (Figure 4B,
panel b), respectively. Extracellular OPN func-
tions through its interaction with multiple cell
surface receptors, such as integrin 31 [34-36],
leading to the activation of PI3K-AKT [37] and
NF-kB signaling. We found that integrin 31 lev-
els were increased 3.3-fold in thyroid tumors of
Thrb?“?YPten”” mice (Figure 4A, panel ¢ and
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quantification data shown in Figure 4B, panel
C).

To assess the activation of AKT and NF-kB sig-
naling, we examined protein levels of p-AKT and
p65. p65 is typically involved in the body’s
inflammatory response as a part of the NF-kB
signaling pathway. We showed that p-AKT and
p65 protein levels were increased 3.1-fold and
2.2-fold in thyroid tumors of ThrbP*'Pten
mice, respectively (Figure 4A, panels d and f,
and quantitation shown in Figure 4B, panels d
and e). COX-2 expression induced by osteopon-
tin stimulated NF-kB signaling cascade [38].
We found the expression of COX-2 was signifi-
cantly increased in thyroid tumors of Thrb™”
P'Pten*- mice (Figure 4A, panel g; 2.6-fold
increase shown in Figure 4B, panel f).
Consistently, we found that protein levels of
TGF-B1 and TNF-a were increased 2.2-fold and
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Figure 4. Expression of OPN-related inflammatory targets in thyroid tumors of Thrb”*"Pten*” mice. (A) Western
blot analysis for OPN (Full length, a), MMP cleaved-OPN (b), Integrin B1 (c), pAKT (d), total AKT (e), p65 (f), Cox 2
(8), TGF-B1 (h), TNF-a (i), F4/80 (j), p-BAD (k), and B-actin (I) in the thyroid tissue of wild-type and Thrb™/*'Pten*"
mice. B-actin used as a loading control (n=3-6 for each group). (B) The band intensities from western blot analysis
detected in (A) were quantified by Image J analysis. OPN (Full length, a), MMP cleaved OPN (b), Integrin B1 (c), ratio
of pAKT to total AKT (d), p65 (e), Cox 2 (f), TGF-B1 (g), TNF-a (h), F4/80 (i), and p-BAD (j). All band intensities were
normalized using B-actin as a loading control. Values are shown as means + SEM. The P values are indicated. (C)
Immuno-histochemical analysis for OPN (1), p65 (Il), and F4/80 (lll) was carried out in the thyroid sections from wild-
type (b in I-1l) and Thro™/PPten*- mice (d in I-lll). The representative positively stained cells are marked by arrows (d
in I-Il). The negative control panels using IgG are shown in the corresponding panels (a and ¢ in I-lll).

10.3-fold, respectively, in thyroid tumors of
ThrbP?YPten”” mice (Figure 4A, panels h and |,
quantitation shown in Figure 4B, panels g and
h). Importantly, we further showed increased
expression of macrophage marker F4/80 in
thyroid tumors of Thrb””"Pten” mice (Figure
4A, panel j). Quantitative analysis showed a
9.3-fold increase in F4/80 protein levels in thy-
roid tumors of Thrb””"?Pten* mice (Figure 4B,
panel i). In addition, we further examined the
protein level of p-BAD (Figure 4A, panel k). BAD
is a pro-apoptosis inducer. However, when
phosphorylated at serine residues by several
protein kinases such as AKT, p-BAD is seques-
tered in the cytosol through interaction with the
cytosolic anchorage protein 14-3-3, resulting in
the attenuation of its pro-apoptotic activity
[39]. Consistent with the increased activity of
p-AKT (see panel d, Figure 4A), we found that
the protein level of p-BAD (Serl36) was
increased 6.5-fold to increase the survival of
tumor cells of Thrb””"Pten*- mice (Figure 4B,
panel i).

In addition to the determination of protein lev-
els by western blotting, we examined the pro-
tein levels of the key molecules OPN, p65, and
F4/80 by immuno-histochemical analysis (IHC).
As shown in Figure 4C, increased OPN (panel
I-d), p65 (panel ll-d), and F4/80 (panel llI-d)
elevated protein levels in thyroid tissues of
Thrb™?VPten”- mice compared with wild-type
mice (panels I-b, lI-b and lll-b). Taken together,
these results indicated that increased OPN led
to the activated downstream signaling to
increase immune-inflammatory key regulators
during thyroid carcinogenesis of Thrb™
PYPten”- mice.

Discussion

The link of inflammation to cancers has long
been recognized. A notable example is that
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patients with inflammatory bowel disease are
at high risk of developing colon cancer [40].
The incidence of thyroid cancer, particularly the
well-differentiated type, is known to increase
in autoimmune thyroid disease such as
Hashimoto’s thyroiditis [41, 42]. Thyroid cancer
was reported to frequently infiltrate with inflam-
matory cells such as lymphocytes, macro-
phages, dendritic cells, and mast cells.
However, the roles of these infiltrated inflam-
matory cells in thyroid carcinogenesis have not
been clearly understood. In the present stud-
ies, using a preclinical mouse model of follicu-
lar thyroid cancer (Thrb”/"'Pten”" mice), we
aimed to discern whether inflammation
occurred during thyroid carcinogenesis and
how inflammation could impact cancer
progression.

We found that thyroid tumors were highly infil-
trated with inflammatory monocytes (Figure
1B), while blood and bone marrow were unaf-
fected. Global gene expression profiling id-
entified differentially expressed genes highly
enriched with altered expression of key inflam-
matory-related genes, interleukins, and chemo-
kines (Tables 1 and 2). Further, we elucidated
that OPN was a key driver in the immune-inflam-
matory response during thyroid carcinogenesis.
Thus, the present studies have provided the
direct molecular evidence to support the epide-
miological observations and, importantly, shed
new light on how inflammation could contribute
to thyroid cancer progression.

It is important to highlight the key functional
roles of OPN uncovered in the present studies
in the cause-effect relationship of immune-
inflammatory and thyroid cancer.

Consistent with the reports in other cancers
[29], we found that the expression of OPN was
highly induced during thyroid carcinogenesis.
Concurrently, integrin 1, a receptor for OPN,
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Figure 5. A proposed molecular model of the OPN-
integrin B1-PIBK-AKT signaling in immune-inflam-
matory response in thyroid tumors of Thrb™/YPten*
mice. OPN and its receptor, integrin 31, were highly
increased in thyroid tumors of Thrb™/"Pten*- mice.
Concordantly, AKT and NF-kB were significantly el-
evated in thyroid tumors of Thrb™/*'Pten*- mice. The
down-stream effectors of AKT and NF-kB pathways,
p-BAD and Cox2, were significantly increased to ele-
vate tumor cells survival and inflammation in thyroid
tumors of Thrb?”?Pten*” mice.

was also elevated in thyroid tumors of Thrb?”
PYPten”" mice (see Figure 4A and 4B). The ele-
vated OPN-integrin B1 led to the activation of
downstream signaling via PISK-AKT and NF-kB
pathways to elevate Cox2 to increase inflam-
mation. The activated OPN-integrin B-AKT sig-
naling resulted in the suppression of pro-apop-
totic activity of pBAD to promote survival of
thyroid tumor cells (see Figure 5). The critical
role of OPN functions elucidated in the present
studies raised the possibility that OPN could be
a potential molecular target as a novel treat-
ment modality in thyroid cancer via modulating
immune-inflammatory responses.
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In the Thrb™* mouse, there are two genetic
alterations: the first is mutation of thyroid hor-
mone receptor B (TRBPV); the second is the
deletion of one allele of the Pten gene. While
the first has yet to be found in thyroid cancer
patients, the second is known as a genetic
lesion that contributes to human thyroid can-
cer. However, it is important to point out that
one of the functional consequences of TR(
mutations is the over-activation of PISK-AKT
signaling in the Thrb””? mouse model [43, 44].
Further, PIBK-AKT signaling has been identified
as a molecular target in thyroid cancer in the
Thrb””? mouse model [45]. The functional con-
sequence of overactivation of PI3SK-AKT as a
result of TRBPV mutation is relevant in thyroid
cancer. Activation of PIBK-AKT pathways play a
pivotal role in the development of human thy-
roid cancer [46-48]. In the present study, we
used the Thrb”/"PPten”- mouse in which the
deletion of one allele of the Pten gene further
drives the PI3K-AKT signaling, leading to a
more aggressive follicular thyroid cancer than
that in the Thrb””"' mouse [14]. The relevance
of this Thrb?*'Pten*- mouse model for study-
ing immune-inflammatory responses in thyroid
cancer is evident in that the altered expression
patterns of many critical inflammatory-related
genes identified by gene expression profiling in
the present study were also found in the TCGA
database (see Figure 3C). Thus, the Thrb””
PYPten*” mouse could serve as a preclinical
mouse model to test potential targets (e.g.,
OPN identified in the present studies) via
altered immune-inflammatory responses for
treatment of thyroid cancer.
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Table S1. Primer list for RT-gPCR

Forward primer Reverse primer

Kit 5’-TCATCGAGTGTGATGGGAAA-3’ 5-GGTGACTTGTTTCAGGCACA-3’
Ly96 5’-CTTTTCGACGCTGCTTTCTC-3’ 5’-CCATGGCACAGAACTTCCTT-3’
CD163 5’-CCTCCTCATTGTCTTCCTCCTGTG-3" 5’-CATCCGCCTTTGAATCCATCTCTTG-3’
Ephx2 5’-CTGGATACCCTGAAGGCAAA-3’ 5’-TGACGTCATTTGGATTGCAT-3’

115 5’-GTGACTTTCATCCCAGTTGC-3’ 5’-TTCCTTGCAGCCAGATTCTG-3’

Cer2 5’-GCCAGGACAGTTACCTTTGG-3’ 5’-CGAAACAGGGTGTGGAGAAT-3’
Ptgs1 5-GTGCTGGGGCAGTGCTGGAG-3’ 5-TGGGGCCTGAGTAGCCCGTG-3’

Sphk1 5-GGCTCTGCAGCTCTTCCAGAG-3"  5-CTCCTCTGCACACACCAGCTC-3’
Spp1(OPN) 5-AGCAAGAAACTCTTCCAAGCA-3’ 5’-GTGAGATTCGTCAGATTCATCCG-3’

Chil1 5’-AGAGGCCCTGACTAGGAAGC-3’ 5’-GTGCACAGGAAAGGTTGGAT-3’
Tnfrsf18  5-GACGGTCACTGCAGACTTTG-3’ 5’-GCCATGACCAGGAAGATGAC-3’

6 5’-CCTCTGGTCTTCTGGAGTACC-3’ 5’-ACTCCTTCTGTGACTCCAGC-3’

Ccl12 5’-AGAATCACAAGCAGCCAGTGT-3’ 5’-ATCCAAGTGGTTTATGGAATTCTTAAC-3’

Table S2. Antibody list for FACS analysis

Antibody Clone ID Purpose Manufacturer
CD3e 145-2C11 Lineage Depletion Tonbo
CDh19 1D3 Lineage Depletion Tonbo
NKp46 (CD335) 29A1.4 Lineage Depletion Ebioscience
Ly6G (Gr-1) 1A8 Lineage Depletion Tonbo
Sca-1 D7 Lineage Depletion Biolegend
Ter119 Ter119 Lineage Depletion Tonbo
Ly6C HK1.4 Sort Biolegend
MHC-II M5/114.15/2 Sort BD
cKit (CD117) 2B8 Sort BD
CD115 AFS98 Sort Biolegend

CD45 30-F11 Sort Ebioscience




