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Abstract
Long non-coding RNAs (lncRNAs) participate in transcription and in epigenetic or post-transcriptional regulation of gene
expression. They also have roles in epithelial to mesenchymal transition and in carcinogenesis. Because lncRNAs may also
have a role in thyroid cancer progression, we examined a group of thyroid tumors which included papillary thyroid carcinomas
and anaplastic thyroid carcinomas to determine the specific lncRNAs that were upregulated during thyroid tumor progression. An
RT2 Profiler PCR Array Human Cancer Pathway Finder consisting of 84 lncRNAs (Qiagen) and fresh tissues of normal thyroid,
PTCs, and ATCs with gene expression profiling was used to determine genes upregulated and downregulated in ATCs. Two of
the most highly upregulated genes, prostate cancer antigen 3 (PCA3) and HOX antisense intergenic RNAmyeloid 1 (HOTAIRM1
or HAM-1), were selected for further studies using a thyroid tissue microarray(TMA) with formalin-fixed paraffin-embedded
tissues of normal thyroid (NT, n = 10), nodular goiters (NG, n = 10), follicular adenoma (FA, n = 32), follicular carcinoma (FCA,
n = 28), papillary thyroid carcinoma (PTC, n = 28), follicular variant of papillary thyroid carcinoma (FVPTC, n = 28), and
anaplastic thyroid carcinoma (ATC, n = 10). TMA sections were analyzed by in situ hybridization (ISH) using RNAscope
technology. The results of ISH analyses were imaged with Vectra imaging technology and quantified with Nuance® and
inForm® software. The TMA analysis was validated by qRT-PCR using FFPE tissues for RNA preparation. Cultured thyroid
carcinoma cell lines (n = 7) were also used to analyze for lncRNAs by qRT-PCR. The results showed 11 lncRNAs upregulated
and 7 downregulated lncRNAs more than twofold in the ATCS compared with PTCs. Two of the upregulated lncRNAs, PCA3
and HAM-1, were analyzed on a thyroid carcinoma TMA. There was increased expression of both lncRNAs in ATCs and PTCs
compared with NT after TMA analysis. qRT-PCR analyses showed increased expression of both lncRNAs in ATCs compared
with NTand PTCs. Analyses of these lncRNAs from cultured thyroid carcinoma cell lines by qRT-PCR showed the highest levels
of lncRNA expression in ATCs. TGF-β treatment of cultured PTC andATC cells for 21 days led to increased expression of PCA3
lncRNA in both cell lines by day 14. These results show that the lncRNAs PCA3 and HAM-1 are upregulated during thyroid
tumor development and progression and may function as oncogenes during tumor progression.
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Introduction

Thyroid cancer is the most common malignancy of endocrine
organs in humans [1]. Papillary thyroid carcinomas (PTCs),
which are usually well-differentiated carcinomas, constitute ap-

proximately 80% of thyroid cancers. Most of these carcinomas
are low-grade lesions with only about 10 to 15% constituting
more aggressive carcinomas [1]. The rare poorly differentiated
thyroid carcinomas (PDCs) are very uncommon in the USA and
make up less than 2% of thyroid cancers, while the also rare
undifferentiated or anaplastic thyroid carcinomas (ATCs) are the
most aggressive thyroid carcinoma that frequently results in the
death of patients in less than a year after diagnosis [1]. Extensive
research on morphological classification and immunohisto-
chemical analyses has contributed to the precise diagnosis and
to predicting the biological behavior of these carcinomas [1],
while molecular analyses have advanced our knowledge about
the biological behavior and provided new diagnostic and pre-
dictive information about these malignancies [1–3].
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Non-coding RNAs, which are RNA species that do not
code for specific proteins, have been studied in thyroid neo-
plasms in recent years [4–6]. Most of the studies have been
with microRNAs (composed of approximately 22 nucleo-
tides). More recently, a growing number of studies have ex-
amined long non-coding RNAs (lncRNAs), which are non-
coding RNAs greater than 200 nucleotides, in thyroid neo-
plasms [7–10]. LncRNAs may function as oncogenes or tu-
mor suppressor genes and have been shown to regulate thy-
roid tumor progression. Most of the studies of lncRNAs in
thyroid cancer have been done on PTCs [5, 10] and there are
only a few studies of lncRNAs in ATCs [11–13]. Most of the
studies of lncRNAs in ATCs have been done in cell lines
rather than primary tumors [11–13]. To determine specific
lncRNAs that are highly expressed in ATC, which may be
important for thyroid cancer progression, we used an RT2

Profiler PCRArray Human Cancer Pathway Finder consisting
of 84 lncRNAs and fresh tissues of normal thyroid, PTCs, and
ATCs with gene expression profiling to determine some of the
lncRNA genes upregulated and downregulated in ATCs com-
pared with PTCs. This report analyzes various lncRNAs that
are highly expressed in ATCs using formalin-fixed paraffin-
embedded specimens from surgically resected materials and
various thyroid cell lines.

Materials and Methods

Tissue Microarrays

Tissue microarrays (TMAs) were constructed as described
previously [14, 15] from formalin-fixed paraffin-embedded
tissues (FFPE), including normal thyroid (NT, n = 10), nodu-
lar goiters (NG, n = 10), follicular adenoma (FA, n = 32), fol-
licular carcinoma (FC, n = 28), conventional papillary thyroid
carcinoma (PTC, n = 28), follicular variant of papillary thy-
roid carcinoma (FV, n = 29), and anaplastic thyroid carcinoma
(ATC, n = 10). The TMA consisted of triplicate 0.6 mm cores
made with a manual tissue microarrayer (Beecher
Instruments, Sun Prairie, WI). The NT consisted of tissues
from the opposite histologically normal thyroid lobe in pa-
tients with follicular or papillary carcinomas.

The study was approved by the Institutional Review Board
at the University of Wisconsin–Madison.

In Situ Hybridization

TMAs were probed for prostate cancer antigen 3 (PCA3)
(312201) and HOX antisense intergenic RNA myeloid 1
(HAM-1) (427421) expression using the RNAscope 2.5 HD-
Brown Manual Assay (Advanced Cell Diagnostics, Newark,
CA) as per manufacturer’s recommendations with the follow-
ing modifications to manufacturer’s protocol, including a step

in which antigen retrieval was performed in a Decloaker
(Biocare Medical, Pacheco, CA) for 3 min and the probe
was incubated overnight at 40 °C with a parafilm cover over
sample in a humidified chamber. The probes used included
positive control probes hs-PPIB (positive control, 313901),
and negative control probe dapB (negative control, 310043)
(Advanced Cell Diagnostics). Probe expression levels were
visualized with diaminobenzidine (DAB).

Validation Cases

An independent set of cases consisting of whole tissue sec-
tions of 10 tall cell variant of PTCs and 7 cases of ATCs was
used for ISH with lncRNA PCA3. These cases were quanti-
fied after ISH by visually counting the intensity of staining
using a scale of 0 to 3+. Zero indicated no staining, 1+ was
weak nuclear staining, 2+ was moderate nuclear staining, and
3+ was strong nuclear staining. Non-neoplastic tissues in the
adjacent thyroid were also quantified with the same grading
scale.

Automated Image Acquisition and Analysis

The stained TMA slides were visualized and analyzed with
the Vectra slide scanner and associated software (PerkinElmer,
Waltham, MA) as previously described [17]. Briefly, after
image acquisition, any core with tissue folding or loss of tissue
was excluded for analysis. The InForm 1.4.0 software was
used to segment tissue compartments (epithelium vs. non-ep-
ithelium) and subcellular compartments (nucleus vs. cyto-
plasm). PCA3 and HAM-1 expression levels from each sam-
ple were quantitated as optical density (OD) per unit area
(pixel). Only nuclear signal was used for analysis. Mean
lncRNA expression level of each sample from the triplicated
cores was used for further analysis.

Total RNA Extraction qPCR and PCR Array

PCR Array

Total RNA was isolated from fresh frozen tissue samples of
PTC, ATC, and normal thyroid using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA) according to the manufac-
turer’s instructions [18, 19], and RNA quality and concentra-
tions were assessed with a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). One microgram of
total RNAwas reverse-transcribed using the RT2 First Strand
Kit (330401, Qiagen) and assayed using the RT2 SYBRGreen
qPCR Mastermix (330504, Qiagen) on the BioRad CFX96
qPCR Thermocycler. The fresh frozen tissues were screened
using the RT2 lncRNA PCR Array; Human Cancer Pathway
Finder (LAHS-0027ZD-6, Qiagen). Each tissue was applied
to an individual plate (one tissue per plate) which was pre-
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seeded with primers to 84 known cancer-related lncRNAs, 5
reference genes, and internal qPCRQC controls. Results were
analyzed using the RT2 qPCR Array Analysis tool available
through Qiagen and compared with the results of the control
normal thyroid tissue. Results are expressed by theΔΔmeth-
od and up/downregulation was determined as twofold above
or below the expression of the normal thyroid tissue. The
twofold change cutoff was recommended by the manufac-
turers and this is standard used in the literature for general
gene expression analysis.

Cell Lines

Total RNAwas extracted from the ATC cell lines 8505C and
THJ-16T (16T) [18, 19] with TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s
instructions, and RNA quality and concentrations were
assessed with a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). One microgram of total
RNA was reverse-transcribed using the All-in-One First
Strand cDNA Synthesis Kit (GeneCopoeia, Rockville, MD).
RT-qPCR was performed on a CFX96 PCR detection system
(Bio-Rad Laboratories, Hercules, CA) using Bullseye
EvaGreen qPCR master mix (MIDSCI, St. Louis, MO), nor-
malized to 18S rRNA; relative fold change was determined by
the ΔΔ CT method as previously reported [18, 19]. The
qPCR primers for 18S included Forward 5 ′-GTAA
CCCGTTGAACCCCATT-3 ′ and Reverse 5 ′-CCAT
CCAATCGGTAGTAGCG-3′. The primers used for PCA3
(LPH05631A-200) and HAM-1 (LPH10483A-200) analysis
were purchased from Qiagen (Germantown, MD.).

FFPE Tissues

During the construction of the TMA, additional cores of nor-
mal thyroid, nodular goiter, PTC, and ATC tissues were taken
for qPCR analysis. Total RNA was extracted from the cores
using the NucleoSpin Total RNA FFPE Kit purchased from
Thermo Fisher Scientific (Madison, WI) according to manu-
facturer’s instructions. cDNA synthesis and qPCR were per-
formed using the methods described in the cell line section
above.

Cell Culture and EMT Induction with TGF-β

The papillary thyroid carcinoma cell line TPC1 and the ana-
plastic thyroid carcinoma cell line THJ-16Twere cultured and
treated with TGF-β to induce EMT as previously described
[18, 19]. Cells were treated with serum-free media with and
without TGF-β (2 ng/ml) for 7, 14, and 21 days [18, 19].

Statistics

Student’s t test was used to analyze lncRNA expression data
collected from RNA ISH and RT-qPCR. Two-tailed P values
of < 0.05 were considered to be statistically significant. Data
are expressed as means ± standard error of the mean (SEM).

Results

Clinicopathologic Findings

The clinicopathologic findings of the cases on the TMA
were previously reported [14]. Patients with ATCs had the
most aggressive malignancies resulting in the death of
several patients. Follow-up of patients from the validation
set of cases showed more extensive and lethal disease in
patients with ATCS, since all patients with ATCs with
available follow-up died of their disease and only one
patient with tall cell variant of PTC with available
follow-up died of the disease (Table 1).

RT2 Profiler PCR Array Human Cancer Pathway Finder

The RT2 Profiler PCR Array Human Cancer Pathway
Finder consisting of 84 lncRNAs with fresh tissues of
two PTCs and two ATCs used gene expression profiling
to determine genes upregulated and downregulated in
ATCs. There were 11 upregulated and 7 downregulated
genes by more than twofold for ATCs compared with
PTCs (Table 2) . Two of these genes, PCA3 and
HOTAIRM-1 or HAM-1, were selected for further studies
by ISH.

Table 1 Clinical features of papillary thyroid carcinoma (PTC) tall cell
variant and anaplastic thyroid carcinoma (ATC) from the validation set of
cases

PTC tall variant ATC

n 10 5

Age 55 ± 12 (28–74 years old) 69 ± 10 (58–81)

Gender

Female 9/10 (90%) 3/5 (60%)

Male 1/10 (10%) 2/5 (40%)

Tumor size (cm) 2.3 ± 1.3 7.4 ± 2.5

Lymph node metastasis 5/10 (50%) 5/5 (100%)

Extracapsular extension 2/10 (20%) 5/5 (100%)

Died of disease 1/9 (11%) 5/5 (100%)

One patient with PTC and two patients with ATCs were lost to follow-up

Follow-up information about patients from the TMAwas previously pub-
lished [14]
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Table 2 Up- and downregulated
lncRNA genes in thyroid cancer Gene Fold upregulated Gene Fold downregulated

HOTAIRM1 (HAM-1) 78.5 XIST − 902.6
RPS6KA2-AS1 19.5 MIR3HG − 21.8
PVT1 13.5 MIR31HG − 6.3
MIR155 HG 13.1 TERC − 4.8
PCA3 11.4 PGGEM1 − 3.4
HIF1A-AS 7.8 MRPL-AS1 − 3.4
LINCOO538 7.1 CCAT1 − 3.2
ACTB 4.2

LINCOO152 3.8

CAHM 3.2

GAS5 2.2

An RT2 Profiler PCRArray Human Cancer Pathway Finder consisting of 84 lncRNAs (Qiagen) and fresh tissues
of normal thyroid (NT), PTCs, and ATCs with gene expression profiling was used to determine genes upregulated
and downregulated in ATCs. The table summarizes the most common genes that were upregulated and down-
regulated in ATCs using samples from two separate experiments. We compared two separate ATC tissues to PTC
tissues, averaged the expression, and chose to further study lncRNAs that were highly upregulated in both ATC
tissues and had the least disparity between the two ATCs. Only samples that were both up- or downregulated in
both experiments were included in the table as recommended by the manufacturer
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Fig. 1 Representative H&E sections and in situ hybridization (ISH) lo-
calization of lncRNS1 HAM-1 and PCA3 in formalin-fixed paraffin-em-
bedded TMA sections (NTs: a–d; PTC: e–h; ATC: i–l). These represent

two of eleven upregulated lncRNAs in ATCs. The housekeeping gene
peptidyl-prolyl cis-trans isomerase B (PPIB) was used as a RNA preser-
vation marker. Insets show a complete section from a TMA core
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In Situ Hybridization

In situ hybridization (ISH) results using the thyroid TMA
showed nuclear localization of both PCA3 and HAM-1
(Fig. 1). The positive control probe PPIB showed predomi-
nantly nuclear localization with weaker cytoplasmic localiza-
tion (Fig. 1). The negative control probe resulted in no staining
of the tissues (data not shown). Staining among the three rep-
licate cores was fairly consistent. In seven cases on the TMA,
one core was lost and the average staining was evaluated with
two cores. Quantitative image analysis with Vectra and
InForm software showed significantly higher levels of PCA3
in ATC, PTC, and FVPTC compared with NTand significant-
ly higher levels of HAM-1 in ATCs and PTCs compared with
NT (Fig. 2). An independent set of samples consisting of
whole sections of tall cell variant of PTCs (n = 10) and
ATCs (n = 7) was analyzed by ISH and manual counting.
The adjacent normal thyroid was also evaluated for PCA3
expression. Comparison of this analysis is shown in Fig. 3

indicating that the ATC cases showed the highest levels of
PCA3 expression. Both ATCs and PTCs were significantly
higher than the normal thyroid samples.

qRT-PCR Analysis

qRT-PCR analysis of paraffin-embedded sections of thyroid
tissues for PCA3 and HAM-1 expression showed the highest
levels of both lncRNAs in ATCs, although only the differ-
ences in the HAM-1 probe were significantly different
(Fig. 4).

Cell Culture Experiments

Various cell lines including PTCs (BcPAP and TPC1) and
ATCs (16T, FRO, and cancer stem cell clones A3 and D3)
[18] grown in 10% serum (BcPAP, TPC1, 16T, and FRO) or
in modified serum-free media (A3 and D3) were analyzed for
expression of PCA3 and HAM-1. Both lncRNAs were signif-
icantly higher in the ATCs compared with the PTC cell lines
(Fig. 5). Treatment of the TPC1 and 16Tcell lines with TGF-β
led to increase expression of PCA3 lncRNA after days 7 and
14. There was a decrease in PCA3 expression on day 21 in
both cell lines (Fig. 6).

Discussion

Although there has been a rapidly growing number of studies
on lncRNA expression in PTCs [5, 8, 10, 16, 20], there are
only a few studies about lncRNA expression in ATCs [11–13].
This study shows for the first time that there are a significant
number of lncRNAs that are expressed at higher levels in
ATCs compared with PTCs. Our study with primary thyroid
tissues and cell lines shows that PCA3 and HAM-1 are both
highly expressed in ATCs as well as PTCs. The early studies
with PCA3 indicated that this lncRNAwas highly expressed
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Fig. 2 Nuclear expression of PCA3 (a) and HAM-1 (b) in normal thyroid
tissue and thyroid neoplasms. The highest levels of expression were ob-
served in PTCs and ATCs for both lncRNAs, which is statically signifi-
cantly higher than that of NTs. * P < 0.05, compared with normal thyroid
tissue. Error bars expressed as SEM
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Fig. 3 Validation set of independent cases to show differences in PCA3
expression determined by RNA scope ISH assay in non-neoplastic thy-
roid (NT), tall cell variant of papillary thyroid carcinoma (T-PTC) (n =
10), and anaplastic thyroid carcinoma (ATC) (n = 7). The ATC group
showed the highest level of expression. * P < 0.05, compared with NT
and compared with T-PTC. Error bars expressed as SEM
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in prostate cancer and some studies suggested that this
lncRNA may have been largely restricted to prostate tissues
[21–23]. However, recent studies have shown that other tis-
sues express this lncRNA including normal ovarian tissues
and ovarian cancer [24] and normal white blood cells and
leukemic blood cells [25]. Since PCA3 is overexpressed in
prostate and other malignancies, the data suggest that it may
function as an oncogene in various cancers. HAM-1 has been
shown to play a role in the progression of several types of
cancers including pancreatic ductal adenocarcinomas [26],
promyelocytic leukemia [27], and glioblastoma multiforme
[28]. This lncRNA has also been shown to function as a tumor
suppressor gene in colon cancer [29]. This latter finding is of
interest, since several studies have shown that lncRNAs such
as MALAT1 may function as oncogenes in some tumors and
tumor suppressor genes in other tumors [30, 31]. These find-
ings suggest that the interaction of lncRNAs with other mol-
ecules such as miRNAs and epigenetic regulatory proteins
may determine the oncogenic role of these molecules in dif-
ferent tumor types.

Analysis of the discovery set of thyroid cases from the
TMA and the validation set of PTC and ATC cases using
whole sections of FFPE tissues showed similar results with
increased expression of PCA3 in PTCs and ATCs compared
with the normal thyroid tissues. Although the results were

quantified differently (Vectra and InForm software vs. manual
counting), the trend towards higher expression in the ATC
compared with PTC was observed by both methods. Tall cell
variant of PTC is a more aggressive variant of well-
differentiated thyroid carcinoma and recent studies of genome
analysis of a large series of PTCs by the TGCA [32] (have
shown that this subtype of PTC has more mutations than other
variants of PTC such as classical and follicular variant of PTC,
suggesting that they have undergone dedifferentiation and are
closer to ATCs). Recent studies have shown that ATCs arise
from well-differentiated thyroid carcinomas through the accu-
mulation of key additional genetic abnormalities, many of
which have prognostic and possible therapeutic relevance
[33]. Nevertheless, there were detectable differences in the
expression of PCA3 in tall cell variant of PTC and ATCs.
These findings suggest that during epithelial to mesenchymal
transition (EMT), there may be increased expression of PCA3
in thyroid carcinomas.

In a recent study of PVT1 expression in thyroid tumors by
ISH and qRT-PCR from our group, there was a slightly higher
expression of the lncRNA PVT1 in PTCs compared with
ATCs by qRT-PCR. However, in our current RT2 Profiler
PCR Array Human Cancer Pathway Finder, lncRNA PVT1
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Fig. 4 qRT-PCR analysis of PCA3 (a) and HAM-1 (b) expression in a
subset of TMA cases. 18s RNA was used as the housekeeping gene.
Overall, there is good correlation between the ISH data and the qRT-
PCR data. * P < 0.05 for ATC compared with NT
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Fig. 5 Analysis of PCA3 (a) and HAM-1 (b) expression in cultured cell
lines. The two papillary thyroid carcinoma cell lines (BCPAP and TPC1)
expressed lower levels of PCA3 and HAM-1 compared with the anaplas-
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was more highly expressed in ATCs compared with the PTCs.
This slight difference in expression may be due to the fact that
the primers used in the RT2 Profiler PCR Array Human
Cancer Pathway Finder were different from those used for
our earlier qRT-PCR experiments. To resolve this slight dis-
crepancy, we will need to use the same set of primers for both
procedures as is planned for future experiments.

Analysis of various cell lines including those from PTC
and ATC as well as cancer stem-like (CSC) lines (A3 and
D3) showed the highest levels of PCA3 in the two CSC lines
and higher levels in the ATC cell lines compared with the PTC
cell lines. Since there have been reports of increased numbers
of CSCs in ATCs compared with PTCs [34], our findings
suggest that PCA3 may also be associated with increases in
CSCs in thyroid cancer. Our results also showed that TGF-β
stimulated EMT in PTC and ATC cell lines. Our previous
study [18] showed that TGF-β increased the number of thy-
roid CSCs along with increases in EMT [18, 19]. These ob-
servations implicate PCA3 in both EMT and CSC regulation
in thyroid carcinoma development and progression.

In summary, these results show that during progression
from PTC to ATC, there are specific lncRNAs that are

upregulated and a smaller number that are downregulated.
Analysis of two of the upregulated lncRNAs, PCA3 and
HAM-1, showed the highest expression levels in ATCs and
PTCs with higher levels of both lncRNAs in cultured cell
lines. These two lncRNAs appear to have regulatory roles in
thyroid cancer progression.
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