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Abstract

Thyroid cancer is associated with genetic alterations, e.g. BRA , which may cause carcinomatous changes in
hormone-secreting epithelial cells. Epidemiological studies have shown that overnutrition is related to the develop-
ment and progression of cancer. In this study, we attempted to identify the cell nonautonomous factor responsible
for the progression of BRAFY%°° thyroid cancer under overnutrition conditions. We developed a mouse model for
inducible thyrocyte-specific activation of BRAFY?°F, which showed features similar to those of human papillary thy-
roid cancer. LSL-Braf“*°F;TgCreER™ showed thyroid tumour development in the entire thyroid, and the tumour
showed more abnormal cellular features with mitochondrial abnormalities in mice fed a high-fat diet (HFD).
Transcriptomics revealed that adrenomedullin2 (Adm2) was increased in LSL-Braf**°°f;TgCreER™ mice fed HFD.
ADM?2 was upregulated on the addition of a mitochondrial complex | inhibitor or palmitic acid with integrated stress
response (ISR) in cancer cells. ADM2 stimulated protein kinase A and extracellular signal-regulated kinase in vitro.
The knockdown of ADM2 suppressed the proliferation and migration of thyroid cancer cells. We searched The Cancer
Genome Atlas and Genotype-Tissue Expression databases and found that increased ADM2 expression was associated
with ISR and poor overall survival. Consistently, upregulated ADM2 expression in tumour cells and circulating ADM2
molecules were associated with aggressive clinicopathological parameters, including body mass index, in thyroid
cancer patients. Collectively, we identified that ADM2 is released from cancer cells under mitochondrial stress
resulting from overnutrition and acts as a secretory factor determining the progressive properties of thyroid cancer.
© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Excessive nutrients have led to an increase in obesity-
related metabolic diseases and are associated with an
increased risk and mortality from cancer [1-3]. Obesity is
a particularly strong risk factor for colon, renal, pancreatic,
endometrial, and breast cancer [4-8]. Previous studies have

demonstrated a link between obesity and thyroid cancer
[9-12]. Although epidemiological studies have shown that
obesity increases the incidence of thyroid cancer, it remains
unclear how obesity stimulates the development of or influ-
ences the prognosis of this cancer type [13—15].

The obesity—cancer connection mechanisms include ana-
bolic hormonal signalling, systemic inflammation, and
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adipocyte-cancer crosstalk [16]. Insulin and insulin-like
growth factor levels are increased in obesity and may pro-
vide a critical hormonal signal that mediates the proliferation
and survival of thyroid cancer [17-20]. Obesity is also asso-
ciated with chronic systemic inflammation [21]. Tumour
necrosis factor-alpha and interleukins (IL-1p, IL-6, and IL-
8), the expression of which are also elevated in obesity,
are linked to thyroid cancer initiation and progression
[22-24]. Recent findings suggest that adipocytes participate
in crosstalk with parenchymal cells to promote cancer initi-
ation and progression [25,26]. Robust experimental findings
have demonstrated that adipocytes potentiate tumour cell
proliferation and invasion in multiple cancers in vitro and
in vivo [26-29]. However, the mechanisms underlying the
obesity—thyroid cancer connection remain unclear.

Excess nutrients, including free fatty acids and down-
stream metabolites such as diacylglycerol and ceramides,
directly trigger functional abnormalities in the endoplasmic
reticulum (ER) and mitochondria [30,31]. We previously
investigated morphological and functional changes in thy-
roid epithelial cells of obese humans and animal models
of diet-induced obesity (DIO), ob/ob, and db/db mice
[32]. Thyroid steatosis and ultrastructural changes, includ-
ing distension of the ER and mitochondrial distortion in
thyroid follicular cells, were uniformly observed in DIO
mice and genetically obese ob/ob and db/db mice. Based
on these findings, it is conceivable that uptake of excessive
nutrients may lead to altered cellular metabolism in thyroid
cancer cells and change the tumour properties via cell-
autonomous and noncell-autonomous mechanisms.

The mitokine adrenomedullin2 (ADM2) is a cytokine
secreted by metabolic stresses (ER stress, mitochondria
stress, and integrated stress response). ADM2 belongs to
the CGRP/calcitonin family and is involved in cardiovas-
cular homeostasis, food intake regulation, and immune
regulation through the calcitonin receptor-like/calcitonin
receptor-like receptor (CALCRL/RAMP) complex
[33-36]. ADM2 expression is induced by bacterial lipo-
polysaccharide, thyroid-stimulating hormone, oestrogen
exposure, mitochondrial dysfunction, hypoxia, and obe-
sity [37-41]. ADM2 is considered a prognostic marker
or therapeutic target in pancreatic adenocarcinoma, breast
cancer, and hepatocellular carcinoma [42—44], but its role
in thyroid cancer remains unclear.

To address whether excessive nutrients directly affect
thyroid tumour behaviour in vivo, we utilised the
thyrocyte-specific BRAFY®°F mutation, the most fre-
quently occurring mutation in human thyroid cancer, in a
mouse model, which was constructed at the adult stage
[45]. This study shows that tumours featured more aggres-
sive cellular characteristics and ultrastructural mitochon-
drial abnormalities in response to a high-fat diet (HFD).

Materials and methods

Animal experiments

Animals received humane care, and protocols were
approved by the Institutional Animal Care and Use
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Committee of Chungnam National University School
of Medicine (Daejeon, Republic of Korea).

To generate thyrocyte-specific BRAFY*E knock-in
mice, lox-stop-lox (LSL)-Braf” 9F mice (a kind gift from
James A Fagin, Memorial Sloan Kettering Cancer Center,
New York, NY, USA) were crossed with thyroglobulin-
CreER™ (TgCreER™) mice (a kind gift from Jukka Kero,
University of Turku, Abo FI-20521, Finland) on a
C57BL/6 background [46,47]. Mice were acclimated to a
12-h light/12-h dark cycle, temperature (23 °C), and 50—
60% humidity environment and fed a chow diet (CD).
Tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) was
administered at a total dose of 5 mg for 5 days. The mouse
model of DIO was developed by feeding HFD (60% of
total energy intake as fat, TD.06414, ENVIGO,
Indianapolis, IN, USA). Tissues were obtained when mice
were euthanized. All mice used in this study were male.

RNA sequencing

Total RNA was isolated using TRIzol reagent (Life Tech-
nologies, Eugene, OR, USA) and transcribed into comple-
mentary DNA (cDNA) following the TruSeq Stranded
Total RNA Sample Prep Guide (Illumina, San Diego,
CA, USA). Low-quality sequence artefacts were removed.
Reads were mapped to the reference genome (Mus
musculus, mm10) using HISAT?2 or Kalisto. Differential
expression analysis (DEA) was performed using the R
(R Foundation, Vienna, Austria) package DEseq2. Tran-
script abundance was transformed into fragments per kilo-
base of transcript per million after transcript quantification.
Gene set enrichment analysis (GSEA) was conducted with
PIANO within the R program using gene sets obtained
from Enrichr (https://maayanlab.cloud/Enrichr/).

Transmission electron microscopy

Thyroid tissues were fixed with 1% glutaraldehyde at 4 °C
and washed with 0.1 m cacodylate buffer. Tissues were
fixed for 1 h at 4 °C with 1% OsO, in 0.1 M cacodylate
buffer, pH 7.2, containing 0.1% CaCl,. They were then
embedded in Embed-812 (Electron Microscopy Sciences,
Hatfield, PA, USA) and polymerized at 60 °C for 36 h.
Embedded samples were sectioned using an EM UC6
ultramicrotome (Leica Biosystems, Heidelberger str,
NuBloch, Germany) and stained with 4% (w/v) uranyl ace-
tate and lead citrate. Stained samples were examined using
a Leo912 transmission electron microscope (Carl Zeiss,
Oberkochen, Germamy) at 120 kV.

In vitro cell culture

BCPAP and 8505c (DSMZ, Braunschweig, Germany) cells
were cultured in RPMI 1640 medium (Welgene, Daejeon,
Republic of Korea) supplemented with 10% foetal bovine
serum (FBS; Gibco, Waltham, MA, USA), 100 U/ml peni-
cillin, and 100 pg/ml streptomycin at 37 °C in a humidified
atmosphere with 5% CO,. Rotenone (Sigma-Aldrich)
was diluted with ethanol. Palmitate was conjugated
with bovine serum albumin (BSA) according to the pro-
tocol of Seahorse Bioscience (North Billerica, MA,
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USA). Cell lines were treated with 1 um rotenone or
50 pm BSA-conjugated palmitic acid for 24 h. ADM2
recombinant protein (MyBioSource, San Diego, CA,
USA) was added to cell lines for 12 h. The genetic dis-
ruption of ADM?2 was performed using human shRNA
lentiviral particles (shADM2; TL306813V) from
OriGene Technologies (Rockville, MD, USA). Scram-
bled shRNA lentiviral particles (shCtrl; TR30021V;
OriGene Technologies) were used as controls.

Oxygen consumption rate analysis

Cells were plated at a concentration of 1 x 10* per well
on Seahorse XF-24 plates (Seahorse Bioscience) over-
night. BSA-conjugated palmitic acid was added for 24 h
after the cells had attached to the wells. A calibration car-
tridge (#102416-100, Seahorse Bioscience) was activated
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overnight in a non-CO,-containing incubator. On the
measurement day, the cell medium was changed to XF
assay medium (#102365-100, Seahorse Bioscience), and
cells were incubated in a non-CO,-containing incubator
for 1 h. The XF-24 analyser was calibrated using the cal-
ibration cartridge. After calibration, the cell plate was
loaded onto Seahorse XF-24 extracellular flux analyser
(Seahorse Bioscience), and mitochondrial function was
measured with inhibitors: oligomycin (2 pg/ml), carbonyl
cyanide 3-chlorophenylhydrazone (10 pm), and rote-
none (1 pm).

Analysis of the Genotype-Tissue Expression (GTEx)
and the Cancer Genome Atlas (TCGA) dataset

Survival analyses were performed using GEPIA2 (http://
gepia2.cancer-pku.cn/). Expression levels of ADM2 and
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Figure 1. LSL-Braf’®°%:TgCreER™ mice developed a solid mass region with papillary growing with dysmo;Bhic and variable follicles on
administration of tamoxifen. (A) Diagram of the eerrimentaI design. Tamoxifen was injected into LSL-Bra 600F mice and LSL—BrafVEOOE;

TgCreER™ mice at 8 weeks of age to induce Braf“®%°

knock-in. All mice were sacrificed at 22 weeks of age. (B) Body weight of LSL-Braf'®°%

mice and LSL-Braf"®°%; TgCreER™ mice at 22 weeks of age (LSL-Braf’*°°F mice, n = 8; LSL-Braf’*°°%;TgCreER™, n = 3). (C) Representative
gross image of thyroid glands in LSL-Braf’®°°F mice and LSL-Braf"5°%;TgCreER™ mice. (D) Thyroid weight of LSL-Braf’*°°F mice and LSL-
Braf®°%; TgCreER™ mice (LSL-Braf*®° mice, n = 7; LSL-Braf"®°%;TgCreER™, n = 3). (E) Histological images of the thyroid gland in LSL-
Braf"®°% mice and LSL-Braf’®°%: TqCreER™ mice. (F) Immunoblot analysis of BRAF'®%E, CyclinD1, PCNA, and GAPDH in thyroid gland from
LSL-Braf’®°°F mice and LSL-Braf’®°°F:TgCreER™ mice (LSL-Braf’®° mice, n = 8; LSL-Braf’®°%::TgCreER™, n = 3). Mean + SEM. *p < 0.05
or *p < 0.01 or ™*p < 0.001 (two-tailed Student's t-test).
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RAMPs were downloaded from the GTEx portal (http://
gtexportal.org/). The TCGA-THCA dataset was
obtained from the UCSC database (http://xena.ucse.
edu/). To elucidate the role of ADM2, we divided THCA
into two groups based on ADM?2 expression by quartile.
DEA and GSEA were performed using DESeq2 and
PIANO [48,49].

Statistical analyses

The data shown represent at least three independent
experiments. The in vivo data were replicated using indi-
vidual mice. Data are expressed as mean + standard
error (SEM). Statistical analyses were performed using
GraphPad Prism 9 (GraphPad Software, San Diego,
CA, USA). Data were analysed using one-way analysis
of variance (more than two groups), Student’s two-tailed
t-test (two groups), or univariate analysis using stepwise
logistic regression.

Results

Characteristics of the thyrocyte-specific
Braf V$°%_inducible mice

We developed a mouse model for inducing thyrocyte-
specific BRAFY®°F mutations by crossing LSL-Braf"°*¢
and TgCreER'® mice to generate LSL-Braf ®°’%,
TgCreER™ mice. Tamoxifen was administered at
8 weeks of age to induce expression of BRAFY%F,
and the mice were sacrificed at 22 weeks of age
(Figure 1A). The body weight of LSL-Braf'®’’;
TgCreER"™ mice was lower than that of the LSL-
Braf"*®F mice (Figure 1B). LSL-Braf'*"’;TgCreER™
mice developed goitres (Figure 1C). LSL-Braf'®"’F;
TgCreERT2 mice had significantly increased thyroid
weight compared to LSL-Braf*®’°F mice (Figure 1D).
The thyroids of LSL-Braf"" 000F. T¢CreER™ mice had
dysmorphic and variable follicles and formed a solid
mass region with papillary growth (Figure 1E). The
levels of Braf¥°°° and proliferation-related proteins
(CyclinD1 and PCNA) were significantly increased
in LSL-Braf*®’°;T¢CreER™ mice compared to LSL-
Braf*°°°F mice (Figure 1F).

JT Kim et al

Impact of an HFD on thyrocyte-specific Braf“¢°°t-

inducible mice

To investigate the effect of obesity on thyroid cancer
behaviour, LSL-Braf” 600E;TgCreERT2 mice were put
on an HFD after tamoxifen administration (Figure 2A).
LSL-Braf"°°’*;TgCreER™* mice fed HFD for 12 weeks
showed increased body weight, white adipose tissue,
and liver weight compared to CD-fed mice (Figure 2B
and supplementary material, Figure S1A) and developed
systemic glucose tolerance (Figure 2C). Moreover,
plasma levels of alanine aminotransferase (ALT) and
total cholesterol increased in HFD-fed mice (supplemen-
tary material, Figure S1B,C). Serum-free T3 increased in
HFD-fed compared with that in CD-fed mice. There was
no change in serum-free T4 and thyroid stimulating hor-
mone (TSH) concentration (Figure 2D,E). HFD-fed
mice showed an increased percentage of tumour foci/
total thyroid area, although there was no difference in
thyroid weight (Figure 2F,G). Furthermore, HFD-fed
mice had an increased proportion of nuclear clearing
cells and oncocytic-changed cells, which is related to
the accumulation of abnormal mitochondria (supple-
mentary material, Figure S1D,E). Increased phospho-
ERK (T202/Y204), phospho-AKT (Thr308), Cyclin
D1, and PCNA levels were observed in HFD-fed mice
(Figure 2H); however, the expression of BRAFY6E
was similar in the two groups (Figure 2I). Additionally,
western blotting analysis of the entire thyroid gland includ-
ing nontumour foci, showed increased p-AKT and an
increasing trend for PCNA and CyclinD1 in HFD-fed mice
(supplementary material, Figure S1G). The expression of
immune cell markers (CD4, CDS8, and CD163) was not
detected in the tumour region in LSL-Braf" OO0E ;TgCreERT2
mice fed with either CD or HFD (supplementary material,
Figure S2). Lymphovascular invasion and extrathyroid
extension were absent in both groups (data not shown).
Our results show that HFD activated thyroid tumour prolif-
eration through additional factors via the extracellular
signal-regulated kinase (ERK) signalling pathway.

Induction of ADM2 by metabolic stress

To identify the factors related to the progressive features of
thyroid tumours in HFD-fed LSL-Braf"*"F;TgCreER™
mice, we analysed transcriptomes. Among the 20 genes
that showed significantly altered expression (adjusted

Figure 2. Diet-induced obesity causes tumour progression in LSL-Braf'*°%;TgCreER™ mice. (A) Diagram of the experimental design. Tamox-
ifen was injected at 8 weeks of age. CD and HFD were fed for 12 weeks starting at 10 weeks of age. All mice were sacrificed at 22 weeks of
age. (B) Body we|grht of LSL-Braf"®°%:TgCreER™ mice fed CD or HFD at 22 weeks of age (LSL-Braf’®°°:TgCreER™ mice fed CD, n = 3; SL-

Braf’®%°F: TgCreER

2 mice fed HFD, n = 5). (C) Glucose tolerance test at 20 weeks of age. Glucose (1 g/kg) was administered, and blood glu-

cose was measured at 0, 15, 30, 45, and 60 min (n = 4). (D) Serum concentration of thyroid hormones (free T3 and free T4) (LSL-Braf’*%°F;
TgCreER™ mice fed CD, n = 3; SL-Braf'®°%;TgCreER™ mice fed HFD, n = 5). (E) Serum concentration of TSH (LSL-Braf’*°%; TgCreER™ mice
fed CD, n = 3; SL-Braf’®%°F: TqCreER™ mice fed HFD, n = 4). (F) Thyroid images and weight of LSL-Braf'*°°; TgCreER™ mice fed CD or HFD at
22 weeks of age (LSL-Braf"*°%; TgCreER™ mice fed CD, n = 3; SL-Braf'®°°; TgCreER™ mice fed HFD, n = 5). (G) Most enlarged region of can-
cer foci and tumour fociftotal area, black lines indicate tumour foci (n = 4). (H) Immunohistochemistry images and graph on thyroid cancer
tissue (n = 4). (I) Immunoblot analysis of BRAF5%%E, CyclmD1 p-ERK, ERK, and a-tubulin of the thyroid gland from LSL-Braf’®°%; TgCreER™
mice fed CD or HFD (n = 3). Mean + SEM. *p < 0.05 or **p < 0.01 or **p < 0.001 (two-tailed Student's t-test).
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LSL-Braf®%5TgCreER™ mice fed CD or HFD; scale bars: 50 um (n = 4). (E) Electron microscopy analysis of thyrocytes from LSL-
Braf*®ETgCreER™ mice, black arrows indicate mitochondria; scale bars, 500 nm (n = 5). Mean + SEM. *p < 0.05 or **p < 0.01 or
**p < 0.001 (two-tailed Student's t-test).
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p <0.05), Adm2 was the most significantly increased
gene in mice on HFD compared to CD (Figure 3A).
The expression of Adm2 was upregulated approximately
two-fold in LSL-Braf"” GO0E. T, gCreERT2 mice fed HFD
compared to those fed CD according to RT-qPCR
(Figure 3B). Additionally, HFD-fed mice had increased
expressions of ADM2 and integrated stress response
(ISR)-related proteins (ATF4 and DDIT3) (Figure 3C).
Immunohistochemistry showed that although tumour
cells expressed ADM2 in LSL-Braf"*"’;TgCreER™
mice fed CD, HFD-fed mice had a larger population of
ADM2-positive cells and increased expression of
ADM2 in tumour cells (Figure 3D). HFD-fed
LSL-Braf*®” mice exhibited increased ADM2 and
reduced phospho-ERK expression compared to CD-fed
LSL-Braf**®* mice, although no differences were
observed in thyroid size between the groups (supple-
mentary material, Figure S3). We observed increased
cells with an oncocytic change in LSL-Braf”*’F;
TgCreERT2 mice fed an HFD (supplementary material,
Figure S1E). In addition, we found that thyrocytes of
HFD-fed mice had dysmorphic mitochondria, which
were swollen and had collapsed cristae and an increased
number of mitochondria than CD-fed mice (Figure 3E).
Collectively, our findings indicate that HFD induced
ADM2 expression in thyrocytes with dysmorphic mito-
chondria in LSL-Braf'*"’*;TgCreER" mice.

Upregulation of ADM2 by mitochondrial complex |
inhibitor or palmitic acid treatment

Compared with the immortalised thyroid cell line (Nthy-
ori 3-1) the BRAF mutated cancer cell lines (BCPAP,
8505C, KTC-1) had increased expression of ADM2
(Figure 4A). The expression of ADM?2 was analysed in
BCPAP, a papillary thyroid cancer (PTC) cell line, and
8505C, an anaplastic thyroid cancer cell line, which
originated from a primary region of cancer. We exam-
ined whether the expression of ADM2 was regulated
by metabolic stress, particularly the mitochondrial stress
response. Treatment with rotenone, an inhibitor of
OxPhos complex I, led to a significant increase in
ADM?2 expression in 8505C and BCPAP cells
(Figure 4B). In addition, rotenone induced increased
expression of the ISR-related genes DDIT3 in both can-
cer lines and FGF21, in BCPAP cells (Figure 4C), and
protein expressions of ADM2, ATF4, DDIT3, and
LONP1 were upregulated by rotenone (Figure 4D).

Next, we examined mitochondrial function and ADM?2
expression after fatty acid treatment. Palmitic acid, the
most common saturated fatty acid, is increased in obesity
and induces intracellular metabolic stress [50]. We
performed an oxygen consumption rate analysis to mea-
sure mitochondrial function in thyroid cancer cells treated
with palmitic acid. There was no difference in viability up
to 50 pM palmitic acid, but viability decreased at 100 pum
(Figure 4E). Cancer cell lines treated with 50 pm palmitic
acid reduced their oxygen respiration rates compared with
vehicle controls (Figure 4F). Palmitic acid stimulated the
expression of ADM2 in thyroid cancer cell lines
(Figure 4G) and induced the expression of ATF4, ATF®6,
DDIT3, CLPP, LONP1, HSPDI, and FGF21 in 8505C
cells and DDIT3, CLPP, DNAJA3, and FGF21 in BCPAP
cells (Figure 4H). The expression of the proteins ADM?2,
ATF4, DDIT3, and LONPI also increased (Figure 41).
Collectively, these results suggest that metabolic stress
stimulates ADM?2 expression along with induction of
the ISR in thyroid cancer cell lines.

Cell proliferation and migration by ADM2 via ERK
signalling in vitro

To ascertain whether ADM?2 accelerates cancer progres-
sion, we analysed the effects of recombinant ADM2
treatment or shADM?2 in a cancer cell line. First, we con-
firmed that ERK was phosphorylated by recombinant
ADM?2. Treating cells with 20 nMm of recombinant
ADM?2 resulted in the phosphorylation of PKA sub-
strates and ERK (T202/Y204) in the thyroid cancer cell
lines (Figure 5A). Knockdown of ADM?2 was performed.
Transfection with shAdm2 reduced the expression of
ADM?2 in cancer cell lines (Figure 5D). The shADM2-
transfected cell lines showed reduced proliferation and
migration than the shCtrl-transfected cell line
(Figure 5B,C). Moreover, shADM?2-transfected cells
showed decreased phosphorylation of ERK (T202/
Y204), AKT (Thr308), STAT3 (Ser727), and NF-xB
(Ser536) compared to shCtrl-transfected cells
(Figure 5D). These results demonstrate that ADM2 pro-
motes thyroid cancer progression by stimulating the
phosphorylation of ERK signalling.

Association of ADM2 with the ISR pathway and poor
survival rates in thyroid cancer in humans

To elucidate the role of ADM2 in human subjects, we
investigated RNAseq data from the human databases

Figure 4. Metabolic stress induces the expression of ADM2 and the activation of ISR signalling pathways in the thyroid cancer cell line.
(A) ADM2 expression in thyroid cell lines. (B) RT-qPCR analysis for ADM2 mRNA in thyroid cancer cell lines in the presence or absence of
rotenone (1 pwm) for 24 h (n = 3). (C) RT-gPCR analysis for ISR and mitokine genes of thyroid cancer cell lines in the presence or absence
of rotenone (1 pwm) (n = 3). (D) Immunoblot analysis of ADM2 and ISR-related proteins of thyroid cancer cell line in the presence or absence
of rotenone (1 pwm). (E) Cell viability test using a wst-8 assay of a thyroid cancer cell line after 24 h treatment of palmitic acid (0, 25,
50, 100 pwm) (n = 5). (F) Oxygen consumption rates (OCR) of thyroid cancer cell lines after 24 h treatment with palmitic acid (0, 25, and
50 pm) (8505C, n = 4; BCPAP, n = 5). CCCP: carbonyl cyanide m-chlorophenyl hydrazone. (G) RT-qPCR analysis for ADM2 mRNA in thyroid
cancer cell lines treated with 50 pm palmitic acid for 24 h (n = 3). (H) RT-qPCR analysis for ISR and mitokine genes in a thyroid cancer cell
line treated with 50 pm palmitic acid for 24 h (n = 3). () Immunoblot analysis for ADM2 and ISR-related proteins from thyroid cancer cell
lines treated with 50 pm palmitic acid for 24 h. Mean + SEM. *p < 0.05 or *p < 0.01 or **p < 0.001 (two-tailed Student's t-test).
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Figure 5. ADM2 deficiency slows cell proliferation and migration of thyroid cancer cell lines through ERK signalling. (A) Immunoblot analysis
of recombinant AMD2-induced PKA and ERK signal (n = 3). (B) Proliferation analysis in the thyroid cancer cell line transfected with shADM2
(n = 3). (C) Migration analysis in the thyroid cancer cell line transfected with shADM2 (n = 3). (D) Immunoblot analysis for ADM2, AKT, ERK,
STAT3, and NF-kB in the thyroid cancer cell lines transfected with shADM2. Mean + SEM. *p < 0.05 or **p < 0.01 or **p < 0.001 (two-tailed

Student's t-test).

GTEXx (a public database providing nondisease tissue for
molecular assays, including RNAseq) and TCGA
(a landmark genomics program for cancer providing
molecular characteristics). We compared ADM?2 expres-
sion between organs. The expression of ADM?2 in the thy-
roid gland was 19.1, while the mean expression of ADM?2,
excluding the thyroid gland, was 1.15. The kidney had the
second-highest expression value, which was 5.8 (supple-
mentary material, Figure S4A). Using correlation

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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analysis, we examined whether the expression of ADM?2
was associated with metabolic stress genes. Expression
of the ISR genes (DDIT3, ATF4, and LONPI) was signif-
icantly correlated with ADM2 expression in the normal
thyroid gland (Figure 6A) and the thyroid cancer dataset
(Figure 6B). However, expression of ADM2 and ATF4
was reduced in tumour tissues (supplementary material,
Figure S4B), although LONP1 expression increased (sup-
plementary material, Figure S4B). These data suggested
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Figure 6. ADM2 is related to the ISR and poor clinicopathological features in human thyroid. (A and B) Correlation analysis of ADM2 with ISR
genes (A) GTEx-Thyroid gland. (B) TCGA-THCA. (C-E) Comparison of groups divided using ADM2 expression on quartile in TCGA-THCA. (C) The
violin and volcano plots. (D) Overall survival and disease-specific survival. (E) Bar plots representing the gene set enrichment analysis of Gene-
Ontology biological process. (F) Comparisons in CNUH cohort and (G) Immunoblot analysis for ADM2 in the thyroid gland of PTC patients.
Serum level of ADM2 in PTC patients divided by clinicopathological features. Mean + SEM. *p < 0.05 or **p < 0.01.

the distinct role of ADM2 and ISR in normal and tumour ~ according to ADM?2 expression levels into a top (high
tissues. To predict the role of ADM2 in tumour aggres-  ADM?2 expression) and bottom 25% group (low ADM?2
siveness, patients with thyroid cancer were classified  expression) (Figure 6C). Interestingly, the top 25% group
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Table 1. Logistic regression analysis of the relationship between ADM2 staining and clinicopathological factors

Factors Exp(p)
Body mass index 1.236
Tumour size 1.802
Lymph node metastasis 2.330
Recurrence 1.685

Cl, confidence interval; Exp(B), odds ratio; SE, standard error.
*Statistically significant.

showed lower overall and disease-specific survival than
that of the bottom 25% group (log-rank p = 0.043)
(Figure 6D). The same trend was found in the non-BRAF
and BRAF subtypes (supplementary material,
Figure S5A), although it was not significant. There was
no difference in survival between the groups classified
by ADM?2 receptors (RAMPI, RAMP2, and RAMP3)
(supplementary material, Figure S5B). We identified the
pathways related to ADM2 using gene ontology analysis.
Interestingly, fatty acid beta-oxidation, mitochondrial
transport, and mitochondrial organization were
upregulated in the top 25% group. Furthermore, we
observed that differentially expressed genes were associ-
ated with fatty acid degradation, the tricarboxylic acid
cycle, and oxidative phosphorylation pathways in the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Figure 6E and supplementary material, Figure S6). By
contrast, immune-related processes were enriched in the
group with low ADM?2 expression (Figure 6E). Collec-
tively, these results suggest that ADM?2 is potentially an
oncogenic factor in silico as well as in vivo and in vitro.

Association of ADM2 with aggressive
clinicopathologic parameters and obesity in thyroid
cancer

To evaluate the relationship between obesity-induced
ADM?2 expression and tumour aggressiveness, we investi-
gated the clinicopathologic features, including body mass
index (BMI), associated with samples from 160 PTC
patients treated at Chungnam National University Hospital
(CNUH) from 2003 to 2010. Patients were divided into two
groups according to ADM?2 immunoreactivity (supplemen-
tary material, Table S1). High ADM2 expression was sig-
nificantly associated with clinicopathological parameters,
including BMI, tumour size, lymph node metastasis, and
locoregional recurrence. To assess the usefulness of
ADM?2 expression as an independent predictor of aggres-
sive PTC phenotypes, multivariate analysis using stepwise
logistic regression was conducted (Table 1). This showed
that high ADM2 expression was an independent risk factor
for BMI (p = 0.003, odds ratio [OR] 1.236), tumour size
(p = 0.030, OR 1.802), and the presence of lymph node
(LN) metastasis (p = 0.019, OR 2.330). Thus, ADM2
expression was highly associated with obesity and tumour
recurrence (Figure 6F and supplementary material,
Figure S7).

Patients were divided into two groups according to
their ADM2 serum levels (supplementary material,
Table S2). The high circulating ADM2 group showed
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increased BMI and fasting glucose levels. Moreover, cir-
culating ADM2 levels were significantly associated with
the presence of extrathyroidal extension, lymphovascular
invasion, and lymph node metastasis. The ADM?2 levels
were significantly higher in obese patients (BMI > 25)
than in lean patients (BMI < 25). Patients with diabetes
showed increased ADM2 levels compared to nondiabetic
patients. Furthermore, the mean ADM?2 level was higher
in the patients with lymphovascular invasion and
extrathyroidal extension than in patients without these
conditions (Figure 6G). Interestingly, patients in the
recurrent group had significantly higher ADM?2 serum
levels than those in the nonrecurrent group. The results
of the human data indicate that ADM2 is strongly associ-
ated with obesity and tumour aggressiveness.

Discussion

This study attempted to identify the cell-autonomous, and
noncell-autonomous factors and pathways that determine
thyroid cancer progression using thyrocyte-specific
BRAFY*™E_inducible mice fed an HFD. Thyroid tumour
cells in thyrocyte-specific BRAFY*™E_inducible mice fed
HFD showed dysmorphic follicular changes with mito-
chondrial ultrastructural alterations. ADM?2 is a prominent
secretory factor in tumour cells of HFD-fed thyrocyte-
specific BRAFY*E._inducible mice. Upregulation of
ADM?2 in tumour cells was enhanced by activation of the
mitochondrial stress response pathway following fatty acid
treatment in vitro. Furthermore, ADM2 expression is aug-
mented in obese patients with thyroid cancer who show
larger tumour size, a high prevalence of lymph node metas-
tasis, and locoregional recurrence.

Kim e al have shown that ThrbPV/PVPten™’~ mice
with thyroid cancer developed by knock-in dominant-
negative mutation of the thyroid hormone receptor p (Thrb)
gene and deletion of one allele of the Pfen gene harbour
larger tumours with anaplastic phenotypes after being
given an HFD [51]. They showed increased activation of
JAK-STAT3 signalling pathways that may be activated
by leptin, which originates from adipocytes in expanded
fat pads with an HFD. This (ThrbPV/PVPten™") is a rep-
resentative example of an adipose tissue-adipokine-thyroid
tumour connection in an animal model of thyroid cancer,
which has the characteristic features of follicular thyroid
cancer [51]. In this study, we did not validate the role of
leptin-JAK-STAT3 activation in enhancing the expression
of ADM2. However, the evidence strongly suggests that
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thyroid tumour behaviour can be transformed into more
progressive phenotypes with excessive high fat nutrition.

In the rat thyroid follicular cell line FRTL-5, ADM?2
increased by TSH [38]; however, in our model serum
TSH levels remained unaltered by overnutrition com-
pared with that in control mice (Figure 2E), suggesting
that there were other factors inducing ADM2. Since we
had previously identified the induction of mitokines by
the ISR pathway [52-55], and as our electron micros-
copy data showed increased dysmorphic mitochondria,
we hypothesised that ADM2 expression increased by
ISR pathways. The transcription factor ATF4, which
integrates cellular stresses, has been considered a major
factor in stress-inducible ADM?2 expression by regulat-
ing the ADM2 promoter [56]. Interestingly, secreted
ADM?2 plays a protective role in endoplasmic reticulum
stress-induced myocardial injury through the PI3K-
AKT signalling pathway [57]. These findings suggest
that ADM2 may play a hormetic role in overcoming
cellular stress under physiological and pathological
conditions. Consistent with previous studies, we dem-
onstrated that ADM2 expression increased with the
activation of ATFs and DDIT3 in response to metabolic
stresses, inducing mitochondrial inhibition (palmitic
acid and rotenone), in thyroid cancer. Elevated levels
of ADM?2 in thyroid cancer may reduce the stress
response; however, ADM2 plays a role in cancer
progression.

In the TCGA database, ADM?2 was related to worse
survival in total tumour and subtypes in relation to the
presence of BRAFVGOOE, although ADM2 decreased in
tumour tissues compared with normal thyroid. These
results indicate the tumour-specific role of ADM?2 in reg-
ulating tumourigenesis independent of the BRAF muta-
tion in thyroid cancer.

ADM?2 was a predictor of survival in pancreatic can-
cer [42,43], and preoperative plasma ADM?2 levels were
identified as independent predictors of 5-year mortality,
disease-free survival, and overall survival [43]. In addi-
tion, blocking ADM2 regulates ERK and Glil-Bcl?2 sig-
nalling, which are important for cell proliferation and
survival in hepatocellular carcinoma [44]. Notably,
increased ADM?2 and decreased p-ERK levels were
observed in healthy (noncancerous) thyroid glands in
the HFD group (supplementary material, Figure S3). It
is unclear whether ADM2 is directly involved in ERK
phosphorylation in healthy thyroid glands; this might
be a physiological difference due to the presence or
absence of an oncogene. Nevertheless, we identified that
ADM?2 stimulates proliferation and migration by
enhancing ERK signalling and is associated with aggres-
sive clinicopathological factors in thyroid cancer.

As mentioned above, plasma and cellular levels of
ADM? are valuable prognostic markers in patients with
cancer. However, the role of ADM?2 in obese cancer
patients has not yet been elucidated, and changes in the
plasma and cellular levels of ADM2 have not yet been
examined. We showed that ADM2 was increased in
the thyroid of HFD-fed mice in both cancer and
noncancer models (Figure 3 and supplementary
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material, Figure S3). Additionally, our results showed
that blood ADM?2 levels were increased when thyroid
cancer was present with obesity as a comorbidity
(Figure 6G and supplementary material, Table S2).
Interestingly, whilst circulating ADM?2 is inversely cor-
related with obesity in humans, ADM?2 levels in adipose
tissue are increased during obesity [58,59]. These find-
ings demonstrate that circulating ADM?2 originates from
various tissues, including the thyroid gland, and is differ-
entially regulated between physiological and pathologi-
cal (cancerous) conditions. Therefore, we suggest that
ADM?2 may play a specific role as a biomarker for
predicting the progression of thyroid cancer in obese
patients.

Most of our evidence suggests a role for ADM2 in
cancer cells; however, we have not yet been able to fully
elucidate the effect of ADM2 on the vascular and
immune systems. Although immune cell markers were
not detected in the tumour of the mouse model (supple-
mentary material, Figure S2), we found an association
between ADM?2 and inflammatory response in TCGA-
THCA data. ADM2 reduces organ injury (lung and kid-
ney) and mortality by repairing vascular leakage and
alleviating inflammatory responses, and alleviation of
inflammatory response is accompanied by reduced mac-
rophage infiltration [35]. In contrast to the septic condi-
tion, a reduced inflammatory response can be
beneficial for tumour survival. However, in this study
changes in immune cells could not be observed due to
the limitations of the established mouse model.

In previous studies, we elucidated the roles of FGF21
and GDF15 as mitokines in thyroid cancer [54,60]. We
found that serum FGF21 levels were associated with recur-
rence and BMI. Recombinant FGF21 induces epithelial-to-
mesenchymal transition signalling in cancer cells and
increases the migration of thyroid cancer cell lines [60].
Although Fgf2i-related genes were not observed in
BRAF-mutant mice fed HFD (Figure 3A), there is a possi-
bility that increased serum FGF21 in obesity contributes to
the progression of thyroid cancer. Interestingly, although
ADM?2 and GDFI15 have common upstream regulators
(ATFs and CHOP), the correlation result of TCGA-THCA
shows that ADM?2 and GDF15 were negatively correlated
(supplementary material, Figure S5C). These results sug-
gest that although ADM?2 and GDF15 can be regulated as
mitokines, their detailed roles and induction conditions
may differ.

In conclusion, the present study shows the role of
ADM?2 in the nexus of obesity and thyroid cancer. It sug-
gests the possibility of ADM?2 as a therapeutic target in
thyroid cancer and a useful biomarker for predicting thy-
roid tumour progression.
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