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Background: Regulator of calcineurin 1.4 (RCAN1.4) is a functionally downregulated metastasis progression
suppressor (MPS) in thyroid cancer; however, the mechanisms for RCAN1.4 loss in thyroid cancer have not yet
been reported. The RCANI.4 promoter and gene contain several cytosine-guanine (CG)-rich regions, some of
which are reported to be hypermethylated in nonthyroid tissues. We, therefore, hypothesized that RCAN1.4
downregulation in thyroid cancer was in part due to hypermethylation.

Methods: Studies were performed in 5 thyroid cancer cell lines (TPC1, FTC133, BCPAP, C643, and 8505C)
with different genetic drivers, and in 18 paired normal and thyroid cancer human thyroid cancer tissues. Basal
RCAN1.4 messenger RNA (mRNA) and protein levels were assessed in all of the cell lines. Cell lines with
lowest RCAN1.4 expression levels were treated with the DNA methyl transferase inhibitor, decitabine. Normal/
tumor tissue pairs were analyzed for methylation of three CG-rich regions both by capture of methylated DNA
by MBD2 protein and by methylation-specific polymerase chain reaction (MSPCR).

Results: In all assessed cell lines, RCAN1.4 mRNA and protein levels increased after decitabine treatment.
In silico analysis of the RCAN1.4 gene identified 3 CG-rich regions as possible methylation targets: 1 in the
proximal promoter and 2 in intron 1. Hypermethylation of the intron 1 CG-rich regions was identified by both
the capture method and MSPCR. In contrast, hypermethylation of the CG-rich region of the proximal promoter
was not identified. Gene expression confirmed that hypermethylation in thyroid cancer samples in intron 1 of
RCANI1.4 was associated with lower levels of RCAN1.4 mRNA. Finally, the cancer samples demonstrated
increased NFE2L3 expression, a downstream marker of functional RCAN1.4 loss.

Conclusions: The MPS gene, RCAN1.4, is downregulated in thyroid cancer cells and human thyroid cancer in
part by hypermethylation of CG-rich regions in intron 1.
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Introduction

THYROID CANCER IS THE MOST common malignancy of
a classical endocrine organ, accounting for an estimated
43,800 new cases and 2230 deaths in 2022 in the United
States." The progressive increase in frequency of thyroid
cancer diagnosis has stabilized in recent years with adher-
ence to new guidelines.Z‘3 However, the number of individ-
uals who die from thyroid cancer has not reduced, mostly due
to progressive disease and metastasis.” It is well recognized
that many patients with thyroid cancer distant metastasis

have nonprogressive disease for decades, and that clini-
cally silent distant metastases are common on autopsy.*°

Thus, thyroid cancer is an important model to study
“gatekeepers’’ of progression, including gain of secondary
drivers and loss of metastasis progression suppressor (MPS)
genes, which might serve as predictive biomarkers of disease-
specific mortality and/or as new therapeutic targets.*’

The multiple steps involved in cancer metastasis have
been extensively studied and modeled.*® For most tumor
types, a subset of cancer cells undergo an epithelial-
to-mesenchymal transition, enabling local invasion and
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motility.m_'2 Individual or clusters of cancer cells invade,

intravasate into the vasculature, circulate, and a subpopula-
tion extravasates and survives in the metastatic environment
(disseminated tumor cells [DTCS]).'3"4 The process also
involves release of factors from the primar%/ tumor that sup-
port development of a premetastatic niche.'”~!”

Surviving metastatic DTCs can immediately proliferate
leading to cancer progression or enter dormancy in which
they survive in a quiescent state.'® These “dormant’” cells are
relatively therapeutically resistant, thus, when they escape
from dormancy, they are difficult to treat.'® Understanding
the factors that lead cancers to emerge from dormancy rep-
resents a key translational need to properly target therapies at
the time of cancer progression. In metastatic thyroid cancer,
despite the tendency for prolonged dormancy, new driver
gene mutations unique to newly invasive primary cancers or
growing metastases are relatively uncommon.”**!

This feature has enabled the use of primary tumor geno-
mics to predict response to targeted therapies,”*** but also
defines the need for a deeper understanding of factors leading
to cancer progression to improve outcomes since current
therapies are not curative. Due to this relative paucity of new
driver mutations in progressive thyroid cancer, we posited
that loss of MPSs may be important in thyroid cancer pro-
gression.”'® MPS genes encode proteins that when lost
facilitate primary cancer growth, invasion, metastasis, and
progression, but not transformation separating them from
tumor suppressors.’ >

We initially identified regulator of calcineurin 1.4
(RCANI1.4) as a potential MPS in an objective screen for
downstream pathways of the KiSS1/GPR54 MPS path-
way.”*? Subsequent studies demonstrated its MPS function
in vitro and in vivo and confirmed reduced levels in advan-
ced thyroid cancer samples and metastatic lesions.”**®
RCAN1.4 is one of two expressed isoforms of the RCAN1
gene (RCANI.1 and RCANI.4) expressed with unique pro-
moters from the same gene that originally was identified
as the Down’s syndrome critical region 1 (DSCR1) gene on
chromosome 21.%77°

RCAN1.4 was identified as the primary inducible RCAN1
transcript. RCAN1.4 functions as a negative regulator of
calcineurin/NFAT signaling, thereby reducing cell prolifer-
ation, migration, and apoptosis.’**'=* Interestingly, indi-
viduals with Down’s syndrome who express 3 copies of
chromosome 21 have very low incidence of solid tumors.*
This reduced cancer incidence can be partially attributed to
the three copies of RCANI in mouse model systems.**-*

Using transcriptomics, we identified that RCAN1.4 loss
also results in an increase in NFE2L3 levels, a member of
the Cap N’ Collar family of basic leucine zipper transcrip-
tion factors, and that this gene is functionally required for
RCANI1.4 loss-mediated cancer progression.”® An anti-
progression role for RCAN1.4 subsequently has been con-
firmed for renal cell carcinoma,39 hepatocellular cancer,32
osteosarcoma,31 pancreatic cancer,40 and breast cancer.36
RCAN1.4 also was reported to be a functional target of the
prometastatic mIR-619-5p that suppresses RCAN1.4 levels,
leading to angiogenesis and metastasis nonsmall cell lung
cancer.

Hypermethylation of the RCANI.4 proximal promoter or
intron 1 has been reported in liver fibrosis and hepatocellular
carcinoma cells, respectively,32’42 but has not been studied
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in the thyroid cancer. This study aims to test the hypothesis
that RCANI1.4 levels are reduced in thyroid cancer in part due
to hypermethylation. Our results demonstrate that RCAN1.4
levels are reduced in thyroid cancer by methylation of cytosine-
guanine (CG)-rich regions of intron 1 in association with
increased expression of NFE2L3.

Materials and Methods
Cell lines, cell culture, in vitro drug reagent

Five thyroid cancer cell lines were used with mutational
information detailed by Landa et al.,** 8505C (anaplastic
thyroid cancer [ATC]; BRAFY®°F) TPC1 (papillary thyroid
cancer [PTC]; RET/PTC1), BCPAP (PTC; BRAFY®"E)
FTC-133 (follicular thyroid cancer, PTEN null), and C643
(ATC; HRAS). All cell lines were independently DNA fin-
gerprinted for identification. 8505C, BCPAP, and C643 cells
were cultured in RPMI with TPC1 and FTC-133 cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) in 5% CO, at
37°C. RPMI, DMEM, and FBS were obtained from Ther-
moFisher Scientific (118775119, Gibco; 11960069, Gibco;
26140079, Gibco, respectively).

Cells were split approximately every 3-4 days using
0.05% trypsin—-EDTA (25300120; Gibco). For experiments,
cells were split, washed, and placed in culture conditions as
already mentioned except with 1% FBS for 24 hours. The
DNA methyltransferase inhibitor decitabine (S1200; Sell-
eckchem) diluted in 0.2% dimethyl sulfoxide (DMSO), or
diluent alone, was added at the shown concentrations.

Western blot

Cells were plated on 10cm dishes and allowed to incu-
bate for 24 hours. Medium was changed to 1% FBS and
allowed to incubate for 24 hours. Plates were treated with
decitabine at 0, 5, and 10 uM concentrations for 72 hours;
cells were isolated in phosphate-buffered saline (PBS;
10010-023; Gibco); and lysed with MPER buffer (78501;
ThermoFisher). Protein concentrations were measured and
quantified by Pierce BCA Protein Assay Kit (23225;
ThermoFisher).

Protein was combined with NuPAGE LDS sample buffer
(4 x NP0007; ThermoFisher), DTT, and ddH,0, boiled for 5
minutes, and 20 ug protein per well for Western blot. Samples
were run, transferred, and blocked with 5% bovine serum
albumin (BSA) for 1 hour. Membranes were incubated in
primary antibody overnight at 4°C, washed 3 times with PBS,
and incubated with secondary antibody at room tempera-
ture for 1 hour. After washing, blots were imaged using the
Odyssey CLx LI-COR Imager and ImageStudio software
(LI-COR). Primary antibodies were the following: anti-
DSCR1 (RCAN; 1:1000, D6694-200ul.; Millipore) and
p-Actin (1:5000, sc-8432; Santa Cruz).

Human samples, DNA extraction, and sequencing

Eighteen papillary thyroid tumor and opposite lobe histo-
logically normal tissues from consecutive unselected patients
were collected after obtaining informed consent as part of an
Ohio State University IRB-approved protocol (2006C0047)
in accordance with the Declaration of Helsinki (revised
2013). Deidentified clinical/pathological information is listed
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in Supplementary Table S2. DNA was isolated from the
paired thyroid tissue samples and five cell lines using phenol—
chloroform extraction. RNase A (12091021; Invitrogen)
was applied during the extraction procedure. Methods for
BRAF and TERT promoter sequencing are included in Sup-
plementary Methods.

DNA methylation analysis

Capture of methylated DNA by MBD protein. DNA
fragmentation was obtained by restriction digestion using
Msel; efficiency was confirmed by agarose gel electro-
phoresis. Three DNA fragment positions are: chr2l:
34527031-34527182, chr21:34525269-34525646, and chr21:
34524894-34525268 (hg38). Methylated DNA was isolated
using CpG MethylQuest DNA Isolation Kit (Cat. No. 17-
10035; Millipore) according to the manufacturer’s protocol.
In brief, 400ng Msel-digested DNA fragments were incu-
bated with CpG MethylQuest beads. The beads were washed
three times and eluted to isolate the methylated DNA.

Primers were designed to amplify the CG-rich regions
in RCAN1.4 proximal promoter and the two CG-rich regions
of intron 1 individually. Quantitative polymerase chain
reaction (QPCR) was performed with methylated DNA using
Fast SYBR Green Master mix (ThermoFisher), and the per-
centage of methylation then was calculated as the amount
over input DNA. Primers are given in Supplementary
Table S1.

Qualitative methylation-specific polymerase chain reaction.
DNA was converted by using EpiTect Bisulfite Kit (Cat. No.
59104; Qiagen) as per the manufacturer’s protocol. Methy-
lated and unmethylated DNA-specific primers for intron 1 are
from Jin et al.*® and are listed in Supplementary Table SI.
Forty cycles of polymerase chain reaction (PCR) were per-
formed and results were analyzed qualitatively. Methylation-
specific PCR (MSPCR) was not possible in the proximal
promoter region, and there were not suitable primers that
could amplify the two intron 1 regions separately. Thus, this
method was used for intron 1 methylation encompassing
both regions.

RNA preparation, messenger RNA analysis,
quantitative real-time PCR

Thyroid tissue total RNA was extracted by using TRIzol
(15596018; Invitrogen). One microgram RNA was treated
with DNA-free DNA Removal Kit (AM1906; ThermoFisher)
and reverse transcribed to complementary DNA (cDNA;
High-Capacity cDNA Reverse Transcription Kit; 4368814,
Applied Biosystems). gPCR was performed with Fast SYBR
Green Master mix for RCAN1.4 and TagMan Fast Universal
PCR Master Mix (4352042; ThermoFisher) for NFE2L3.
GAPDH was used as an internal control to calculate the
relative expression levels for gene RCAN1.4 and NFE2L3.
PCR primers are shown in the Supplementary Table S1.

Data analyses

All cell line experiments were repeated at least three
times. For real-time PCR (RT-PCR) and methylation exper-
iments, technical replicates were performed for each inde-
pendent experiment. One-way analysis of variance was used
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to determine the significant differences (p <0.05) between
groups in protein and messenger RNA (mRNA) data. After
stabilizing methylation proportions by the arcsine square
root transformation, nonpaired or paired Student 7-tests were
applied appropriately to compare groups.

Quantitative real-time PCR (qRT-PCR) relative expres-
sion data were log, transformed and tumor versus normal
comparison analyses were performed by applying paired
Student ¢-tests. Western blots were quantified using Imagel
(1.53a; National Institute of Health). Statistical analysis and
graph generation were done using Prism GraphPad (9.2.0)
and R software.

Results

Decitabine upregulates RCAN1.4 mRNA and protein
levels in thyroid cancer cells

After initial time course studies, the 5 thyroid cancer cell
lines were treated with decitabine for 48 hours and RNA was
extracted. Then, 1, 5, and 10 uM doses were used along with
a nontreatment control. qRT-PCR was performed. Results
from 3 independent experiments show RCAN1.4 RNA levels
increase with increasing drug concentration, with significant
increases after treatment with 5 and 10 uM decitabine for all
cell lines (Fig. 1B).

To assess effect of demethylation on RCAN1.4 protein
levels, after initial time course studies, thyroid cancer cells
were treated with decitabine (0, 1, 5, and 10 uM) for 72 hours.
RCAN1.4 protein levels significantly increased in all cell
lines after decitabine treatment in three independent experi-
ments (Fig. 1C, D). RCANI.1 protein levels did not show an
increase, suggesting that the regulatory regions for RCANI.1
gene expression that are unique from RCANI.4°° are not
hypermethylated. ff-actin was used as loading control for all
experiments.

Hypermethylation was detected at RCAN1.4 intron 1
with thyroid cancer cell lines and PTC tissues

Previous studies reported hypermethylation in the 5" reg-
ulatory region and intron 1 of RCANI.4.>* To determine
whether RCAN1.4 downregulation in thyroid cancer tissues
is associated with DNA methylation at these sites, methyla-
tion analysis at the three potential methylation sites in
RCANI.4 promoter and intron 1 was performed (Fig. 1A).

Using the quantitative capture assay, we did not detect
methylation in the CG-rich region proximal to the RCANI.4
promoter region in the five thyroid cancer lines (Fig. 2A, B).
MSPCR was not possible in the promoter region as there were
not suitable sequences for primers. To assess methylation
in intron 1, qualitative methylation-specific PCR identified
methylation in the five cell lines. Subsequent studies dem-
onstrated that the intron 1 methylation was partially reversed
with decitabine (Fig. 3A).

This method was not able to be performed separately
for the two adjacent GC-rich regions in intron 1. To confirm
and extend the data quantitatively for each region, subsequ-
ent studies using the quantitative capture assay confirmed
hypermethylation in both regions of intron 1. They also
demonstrated quantitative reversal with decitabine treat-
ment more consistently in region 2 versus region 3 (Fig. 3B).
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NC, negative control; PCR,
polymerase chain reaction.

unbound
methylated

Normal

To validate the findings in human thyroid cancer tis-
sues, we performed DNA methylation analysis with 18
paired PTC normal and tumor tissue samples. As for the cell
lines, there was no evidence of methylation of the proxi-
mal promoter region (Supplementary Figs. S1 and S2).
Qualitative analysis of intron 1 by MSPCR in 14 of the
sample pairs suggested a relative increase in methylation in

Decitabine

Tumor

most of the samples (Fig. 4A). Four of the samples did not
have adequate DNA from complete pairs for both methods
and we prioritized the quantitative region-specific capture
assay.

Using this assay, higher methylation in both intron 1 regi-
ons in tumor versus normal tissue was identified (region 2:
p=1.13e-06, region 3: 1.03e-04) (Fig. 4B). Region 2 effects

TPC1 FTC133

= Control
0.023

0.034 == Treated
—

—

0.014
—

% Methylation over input
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FIG. 3.

C643 BCPAP 8505C

(@)
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8505C BCPAP C643 FTC133 TPC1

- Decitabine decreases RCANI.4 intron 1 methylation in thyroid cancer cell lines (A) Cells were treated with

decitabine (10 uM) for 72 hours and DNA isolated. Qualitative methylation-specific PCR for both regions of intron 1 was

performed and demonstrated relatively less methylation after

decitabine treatment for most samples. (B, C) Quantitative

capture of methylated DNA by MBD2 protein bead precipitation and PCR was performed for region 2 (B) and region 3
(C). Significant reductions of methylation were identified for region 2 in all cell lines and in 2 of 5 cell lines for region 3 (n=3).

Student #-tests were used to compare results in (B, C), p<0.05

is considered significant. M, methylated; U, unmethylated.
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were more consistent than region 3 effects (higher in 16/18
tumors vs. normal), a result that is similar to the thyroid
cancer cell lines.

RCAN1.4 expression is lower and NFE2L3
expression is higher in PTC samples

To determine whether the human tumor samples had
lower levels of RCANI1.4 versus normal tissue we per-

formed qRT-PCR and identified lower levels in the tumor
samples versus paired normal samples (Fig. 5, p=2.18e-05).
As a measure of biological effects of RCANI1.4 loss
in the paired thyroid cancer samples, we analyzed gene
expression for NFE2L3 to assess for the predicted inverse
results based on our prior functional studies.’® Results in
the paired samples show the predicted higher levels of
NFE2L3 in tumor versus the normal samples (Fig. 5,
p=141e-06).

- c
A =] 2.18e-05 B °
% 015 § 0.150
1™ 1=
§ 043 & 0.125 1.41e-06
w w
2 0.10 g 0.100
R} L)
< 0.08 o 0075
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FIG. 5. RCANI1.4 gene expression is downregulated while NFE2L3 gene expression is upregulated in PTC tissues.
RCAN1.4 and NFE2L3 gene expression levels in 18 paired papillary thyroid cancer normal and tumor samples were
assessed by qRT-PCR. (A) Reduced levels of RCAN1.4 mRNA were found in 16 of 18 samples (p=2.18e-05).
(B) Increased levels of NFE2L3 were identified in 17 of 18 samples (p=1.41e-06). Graphs represent relative gene
expression compared with normal tumor samples, with each normal sample paired with the corresponding tumor sample.
Data were log, transformed and analyses were performed using paired Student #-tests; p <0.05 is significant. qRT-PCR,
quantitative real-time PCR.
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Discussion

Differentiated thyroid cancer typically is characterized
by relatively slow growth rates and prolonged stability in
both primary and distant metastatic sites. However, local
invasion and progression of distant metastases are the most
common causes of thyroid cancer morbidity and mortality.
Thus, understanding the molecular causes of progression of
thyroid cancer represents an important opportunity to iden-
tify new biomarkers and therapeutic targets (reviewed in
Summers et al.,'9 Ringel,44 and Ganesh and Massagué45).
We previously identified and characterized RCAN1.4 as a
bona fide functional MPS in thyroid cancer that is down-
regulated in some primary and most metastatic lesions, a
finding that has been confirmed in a number of other
malignancies,2426-31:32:36.39.40

Although RCANI1.4 is known to regulate calcineurin sig-
naling, and does so in thyroid cancer cells,24’30 we identified
a new functional downstream target, NFE2L3 (Nrf3), for
RCANI .4 loss in cancer cells.”® NFE2L3 is a member of the
Cap N’ Collar family of transcription factors known to be
important in promoting cancer development and progres-
sion.**° In addition, association studies confirmed a pro-
gressive increase in NFE2L3 levels in more aggressive
thyroid cancers and metastatic lesions.?® Although these data
defined a new RCAN1.4/NFE2L3 regulatory pathway for
cancer progression, the causes of the reduction of RCAN1.4
levels in thyroid cancers had not been addressed.

In this study, we hypothesized that the reduced levels of
RCAN1.4 in thyroid cancer would be, at least in part, due
to hypermethylation of regulatory sequences. This hypothe-
sis is built on an initial analysis of the RCANI.4 promoter
and introns for CG-rich regions and published data demon-
strating regulation of RCANI.4 in the proximal promoter
or in intron 1 in hepatic stellate cells or hepatocellular
carcinoma cells in vitro.’>** Our data demonstrate that the
proximal promoter is not hypermethylated either in tested
thyroid cancer cell lines or in human thyroid cancers. In
contrast, hypermethylation was identified in in intron 1 in
the two predicted regions, most convincingly in region 2
(Fig. 1A).

The intron 1 hypermethylation was reversed with decita-
bine in concert with the predicted increase in RCANI1.4
levels. Importantly, human thyroid cancer samples (mostly
PTC) showed similar RCANI.4 methylation and gene
expression patterns. Functional activation of the pathway is
suggested by the increased expression of NFE2L3 in asso-
ciation with the RCAN1.4 loss.*

Epigenetic methylation is important in regulatin% expres-
sion of genes important for tumor progression.’'*>> For
instance, clustered and single circulating tumor cells express
differential methylation patterns in accordance with upre-
gulated proliferation and stem cell genes.> Experiments are
ongoing to identify the upstream regulators of the hyper-
methylated intron 1 regions. Intriguing recent data identified
a superenhancer in intron 1 of RCANI.4 in breast cancer.*®
It is possible that hypermethylation reduces access to the
superenhanced region, thereby downregulating RCANI.4
expression after cellular stress.

This hypothesis requires further evaluation of super-
enhancer activity in the intron 1 sites in the thyroid cell
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context. Finally, RCAN1.4 has been reported to be phos-
phorylated by several kinases in some cellular contexts.”*~>’
It is possible that these modifications, and others, regulate
activity and/or stability of the protein in thyroid cells. Thus,
hypermethylation may not account for all downregulation
of RCAN1.4 activity.

We identified the hypermethylated regions in thyroid
cancer cell lines and validated the findings in human thyroid
cancers. These results provide a basis for future studies as-
sessing a potential role for RCAN1.4 methylation as a pre-
dictive or prognostic biomarker in thyroid cancer. Although
MPS gene reductions can enable primary cancer progression
as well as metastases, it is possible that the quantitative level
of RCAN1.4 intron 1 hypermethylation may increase in
metastatic lesions versus paired primary tumor tissue.

This may be suggested by the progressive increase in
NFE2L3 in metastatic lesions we identified in our prior
studies.?® Further studies using paired samples from patients
with metastatic lesions are planned to assess this possibil-
ity. It is of interest that all of the human tumor samples
in this study harbored BRAFY®*°F mutations. While the cell
lines with hypermethylation were not specific for this muta-
tion, analysis of larger and different histologies will be
needed to determine whether this association is related to
BRAFY600E

In conclusion, we demonstrated for the first time that
intron 1 of RCANI.4 is hypermethylated at CG-rich regions
in thyroid cancer cells. We also report that a methyl-
transferase inhibitor reverses the methylation and increases
RCANI1.4 mRNA and protein. Our results also demon-
strate hypermethylation of this same region in human PTC
in association with reduced expression of RCAN1.4. The
reduced RCANI1.4 is inversely correlated with NFE2L3
expression, a pattern consistent with functional loss of
RCANI1.4 that also is consistent with prior association
data.?® These results demonstrate that reduction of the
RCANI1.4 MPS gene in thyroid cancer is in part due to
hypermethylation of intron 1, thereby providing a regula-
tory mechanism for loss of this key regulator of thyroid
cancer progression.
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