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Abstract

Induction of the BRAFV®"E Mutation in
Thyroid Cells Leads to Frequent
Hypermethylation

Jin Wook Y1
Medicine (Surgery)
The Graduate School

Seoul National University



Background:

The BRAF'%°°® mutation is a major driver mutation in papillary
thyroid cancer. The aim of this study was to elucidate the
correlation between DNA methylation and gene expression changes

induced by the BRAF%'°® mutation in thyroid cells.

Methods:

I used Nthy/BRAF cell lines generated by transfection of Nthy/ori
cells with the wild—type BRAF gene (Nthy/WT cells) and the V600OE
mutant—type BRAF gene (Nthy/V600OE cells). I performed gene
expression microarray and DNA methylation array analyses for
Nthy/WT and Nthy/V60OE cells. Two types of array data were
integrated to identify inverse correlations between methylation and
gene expression. The results were verified in silico using data from
The Cancer Genome Atlas (TCGA) and in vivo through

pyrosequencing and quantitative real—time polymerase chain reaction

(qRT-PCR).



Results:

In the Nthy/V600E cells, 199,821 probes were significantly
hypermethylated, and 697 genes showed a “hypermethylation—
downregulation” pattern in Nthy/V600E. Tumor suppressor genes
and apoptosis—related genes were included. In total, 66,446 probes
were significantly hypomethylated, and 227 genes showed a
“hypomethylation—upregulation” pattern in Nthy/V600E cells.
Protooncogenes and developmental protein—coding genes were
included. In the TCGA analysis, 491/697 (70.44%) genes showed a
hypermethylation—downregulation pattern, and 153/227 (67.40%)
genes showed a hypomethylation—upregulation pattern. Ten
selected genes showed a similar methylation—gene expression

pattern in pyrosequencing and qRT—PCR.

Conclusions:
Induction of the BRAF'%°°® mutation in thyroid cells led to frequent

hypermethylation. Anticancer genes, such as those involved in tumor



suppression or apoptosis, were downregulated by upstream
hypermethylation, whereas carcinogenic genes, such as
protooncogenes, were upregulated by hypomethylation. Our results
suggest that the BRAF'°°" mutation in thyroid cells modulates DNA

methylation and results in cancer—related gene expression.

Keywords: Thyroid neoplasm, methylation, gene expression

Student number: 2016 — 36691
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Figure 1.

Schematic diagram of the correlation analysis between differentially
methylated probes (DMPs) in promoters and differentially expressed

genes in exons. UTR, untranslated region.

Figure 2. Microarray (MA) plot for the DEGs in the Nthy/V600E cells.

Figure 3.

Figure 4.

Distribution of differentially methylated probes according to genomic
location and CpG site. (A) Number of hypermethylated probes in
Nthy/V600E cells; genomic structure. (B) Number of hypermethylated
probes in Nthy/V600E cells; geographic regions from the CpG area. (C)
Number of hypomethylated probes in Nthy/V600E cells; genomic
structure. (D) Number of hypomethylated probes in Nthy/V600E cells;
geographic regions from the CpG area. UTR, untranslated region; IGR,

intergenic region.

Pyrosequencing and quantitative real-time polymerase chain reaction
results for selected genes. (A) Methylation status of selected genes that
showed hypermethylation and downregulation in Nthy/V600E cells. (B)
mRNA expression status of selected genes that showed hypermethylation
and downregulation in Nthy/V600E cells. (C) Methylation status of
selected genes that showed hypomethylation and upregulation in

Nthy/V600E cells. (D) mRNA expression status of selected genes that
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showed hypomethylation and upregulation in Nthy/V600E cells.

Figure 5. Possible carcinogenic mechanisms of the BRAFV$F mutation
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I. Introduction

Thyroid cancer is one of the most common solid organ cancers, and
its incidence has increased dramatically in the last decade [1,2].
Papillary thyroid carcinoma (PTC) is the most common histologic
subtype and is associated with the BRAF'®® somatic mutation
(Substitution of a valine by a glutamate at reside 600), which is known
to be associated with poor prognostic factors such as lymph node
metastasis, extrathyroidal extension, and advanced stage [3,4].
Recent report suggested that increased incidence of BRAF'6E

mutation is identified with increasing the thyroid cancer incidence [5].

The BRAF'®F mutation is the highest signal activator of the
mitogen—associated protein kinase (MAPK)/extracellular signal—
regulated kinase (ERK) pathway. It activates a carcinogenic signal
cascade in thyroid cells and makes them more proliferative [3].
Recent whole—genome sequencing performed by The Cancer Genome
Atlas (TCGA) project further revealed that BRAF'*°F mutant—type
PTC showed significant upregulation of the pERK—-DUSP (Erk
transcriptional program) pathway, possibly due to the insensitivity of

BRAF'% to ERK inhibition feedback [6].
1



The molecular mechanism of gene expression alterations
resulting from the BRAF'%°® driver mutation have not yet been fully
understood. Beyond the genomic transcription, epigenomic changes,
such as DNA methylation, histone modification and microRNAs can
act as important factors that modulate gene expressions without the
changing of DNA structure [7]. Among them, DNA methylation is
special phenomenon that attach the methyl (=CH) group to the 5th
carbon in Cytosine. It occurs in the repeated sequence area of C
following G (CpG island) and frequently found in the upstream area
from the exon (Promotor site) in DNA sequence. DNA
hypermethylation or hypomethylation in the CpG island can change
downstream gene expression into down— or up—regulation like a
genomic switch. It is known that DNA methylation always occurred
prior to the corresponding gene expression change, and DNA
methylation can be changed by environmental factors surrounding

organism [8].

Therefore, it can be hypothesized that when BRAF'®
mutation occur in thyroid cells, DNA methylation may be altered by

the BRAF'®'® signal activation, resulting in changes in downstream



gene expression. In thyroid cancer, prior laboratory studies have
suggested that specific aberrant DNA methylation is found in cancer—
related genes such as P7EN and RASSFIA [7,9]. According to
advancement of next generation sequencing, genome—wide integrated
analyses of methylation and expression array or sequencing from the
thyroid cancer tissue or thyroid cancer cell lines are also reported
elsewhere [10—17]. However, previous studies could not determine
the actual consequence of primal BRAF®°°F mutation, because cancer
cell lines which used in previous studies are closed to dedifferentiated
thyroid cancers such as anaplastic or already been changed into

thyroid cancer [18].

Our aim of study is to investigate subsequent change of DNA
methylation and gene expression in thyroid cell, initiated by primal
BRAF°®  mutation. T used special "Nthy/BRAF" cell line -
transfected BRAF gene either wild type BRAF (Nthy/WT) and mutant
type BRAF (Nthy/V600E) into Nthy/ori cells, which was developed
by authors’ institution [19]. I performed both gene expression
microarrays and methylation microarrays, and performed integrated

analysis for two types of data to find the correlation between DNA



methylation with gene expression, induced by BRAF'*°F mutation in

normal thyroid cells.



II. Materials and Methods

Nthy/BRAF cell line and gene expression microarray

I used previously reported Nthy/ori cell lines expressing the BRAF
gene with or without V6OOE mutation [19]. Two types of Nthy/BRAF
cells were presented: Nthy/WT (Nthy cells with wild—type BRAF
gene) and Nthy/V600E (Nthy cells with V60OE mutant—type BRAF
gene). Cells were grown in RPMI-1640 (Biowest, Riverside, MO,

USA) supplemented with 10% FBS (Biowest),

2 mM GlutaMAX (Gibco; Thermo Fisher Scientific, Waltham,
MA, USA), and 100 U/mL penicillin—streptomycin (Gibco) in a
humidified atmosphere of 5% COZ2 at 37°C. They were cultured in
100—mm dishes until confluent monolayers were reached, and RNA
was extracted using an easy—spin total RNA extraction kit (iNtRON
Biotechnology, Seoul, Korea). Total RNA was quantified using a
Nanodrop ND—1000 spectrophotometer. The Illumina HumanHT—12
v4 Expression Bead Chip (Illumina Inc., San Diego, CA, USA)
microarray services were provided by Macrogen (Macrogen Inc.,

Seoul, Korea). Two arrays were conducted for each cell type



(2xNthy/WT and 2xNthy/V600E).

Methylation microarray

For DNA extraction, Nthy/WT and Nthy/V600OE cells were cultured
until a confluent monolayer was formed. Cells were harvested by
trypsin—EDTA treatment, and DNA was extracted using QIAamp DNA
Mini Kit (Qiagen, Hilden, Germany). DNA concentration was
quantified using a spectrophotometer (NanoDrop, Wilmington, DE,
USA). After DNA extraction, methylation microarray services were
provided by Macrogen (Macrogen Inc., Seoul, Korea) using Illumina
Infinium Methylation EPIC Bead Chip Kits (850K; Illumina Inc., San
Diego, CA, USA). Three arrays were conducted for each cell type

(3xNthy/WT and 3xNthy/V600E).

Bioinformatic analysis

Microarray data were analyzed according to two groups: Nthy/WT and

Nthy/V600E. Raw data derived from the Illumina Genome Studio



version 2011.1 and Gene Expression Module version 1.9.0 were
transformed into a "LumiBatch" object using “Lumi R package”.
Variance stabilization of gene expression counts was performed using
the variance—stabilizing transformation (VST) method. Quantile
normalization method was applied to gene expression data after VST.
Packages “Annotate" and “IlluminaHumanv4.db” were used for
microarray chip probe annotation, provided by Bioconductor

(http://www.bioconductor.org). To find differentially expressed

genes (DEGs), moderated /—test using the “Limma” was applied [20].
The Benjamini—Hochberg (BH) method was applied to correct false
positive rate from multiple comparisons. A log fold change value of 2

was used as the cutoff to identify significant DEGs.

Methylation array data were analyzed by “ChAMP” package
provided by Bioconductor [21]. Data preparation was followed by the
raw data loading, quality control, normalization, and variation control
by singular value decomposition (SVD). From the filtered data, “limma”
method was also applied to identify differentially methylated probes
(DMPs) [20]. False positive rate correction was performed with the

BH method. Adjusted p—value under 0.05 was considered statistically


http://www.bioconductor.org/

significant for both gene expression and methylation analysis.

Genes with inverse methylation—expression patterns were
identified according to the following criteria: differentially
hypermethylated probes in the promoter region with downregulated
gene expression or promoter region hypomethylation with
upregulated gene expression, as illustrated on figure 1. The promoter
region was defined as CpG islands in TSS1500, TSS200, the 5" —

untranslated region (UTR) and the 1st exon area.



Hypermethylated DMPs in
promotor region*
and CpG island
: 14,546

Down-regulated
gene probes
12,724
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promotor region
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*TSS1500, TSS200, 5'-UTR and 1st exon

3!

Figure 1. Schematic diagram of the correlation analysis between

differentially methylated probes

(DMPs) in

promoters

and

differentially expressed genes in exons. UTR, untranslated region.
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To find functional terms of inversely correlated genes,
Database for Annotation, Visualization, and Integrated Discovery
(DAVID 6.7) and Swiss—Prot Protein Information Resource (SP—PIR)
were used [22,23]. Adjusted p—value less than 0.1 was considered
statistically significant in functional analysis. All statistical analyses
were performed with the R programming language (https://www.R—

project.org/).

Validation of inverse correlations using a dataset from TCGA

To wvalidate genes with inverse—correlation patterns using other
public databases, I assessed somatic mutations, mRNA expression by
RNA sequencing and DNA methylation by Illumina Infinium

Methylation 450K from the TCGA data (https://gdc.cancer.gov/).

Patients in the TCGA cohort were divided into two groups
according to BRAF mutation status: BRAF wild—type PTC versus
BRAF mutant—type PTC. From the methylation data, only selected
the methylation status from the CpG island in promotor area

(TSS1500, TSS200 and other promotor region). mRNA expression

10
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was extracted from the normalized gene expression results. Inverse
correlation was detected by the Spearman correlation analysis
between the methylation and gene expression value. If the same
hypermethylation—downregulation or hypomethylation—upregulation
pattern was observed, it was marked as “TRUE”; otherwise, it was

marked as “FALSE.”

Validation of gene expression by quantitative real-time

polymerase chain reaction (QRT-PCR)

Nthy/WT and Nthy/V600E were grown in RPMI-1640 (Biowest)
supplemented with 10% FBS (Biowest), 2mM GlutaMAXTM (Gibco),
and 100U/ml penicillin—streptomycin  (Gibco) in humidified
atmosphere of 5% COZ2 at 37°C. Cells were cultured in 100—mm
dishes until confluent monolayers were formed, and total RNA was
extracted using RNeasy Mini Kit (Qiagen) and quantified using
Nanodrop One (Thermo Fisher). cDNA was transcribed from 1 pg of
RNA using Legene Premium Express 1st strand DNA Synthesis

System Kit (LeGene Biosciences, San Diego, CA, USA). Quantitative

11



real—time polymerase chain reaction (QRT—PCR) was performed
using PowerTrack SYBR green master mix (Applied Biosystems,
Waltham, MA, USA) and a QuantStudio 3 real—time PCR System
(Applied Biosystems); all samples were run on the same 96—well
plate. Relative mRNA expression levels were calculated by
normalizing the value for each gene to that of the housekeeping gene
ACTB (beta—actin). The primer sequences for gRT—PCR are

described in table 1.

12



Table 1. Sequences of primers used for quantitative real-time polymerase chain reaction.

Gene NCBI Reference Forward Primer (5' > 3") Reverse Primer (5' -> 3)

b-Actin NM_001101.5 GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG
PTEN NM_000314.8 ACCAGGACCAGAGGAAACCT GCTAGCCTCTGGATTTGACG
RUNX3 NM_001031680.2 CAGAAGCTGGAGGACCAGAC TCGGAGAATGGGTTCAGTTC
MEST NM_002402.4 CGCAGGATCAACCTTCTTTC CATCAGTCGTGTGAGGATGG
TP53INPI NM 0332854 GGCCCACGTACAATGACTCT CTGGTTCTTGGTTGGAGGAA
RASSF4  NM_032023.4 GCAAGTGGCTCAGAAAAAGG CCCACAGGAACCAGTAGGAA
GPX3 NM_002084.5 TGCAACCAATTTGGAAAACA TTCATGGGTTCCCAGAAGAG
CCNDI NM_053056.3 GAGGAAGAGGAGGAGGAGGA GAGATGGAAGGGGGAAAGAG
BCL2 NM_000633.3 GGATGCCTTTGTGGAACTGT AGCCTGCAGCTTTGTTTCAT
DUSP6 NM_001946.4 ATGGTAGTCCGCTGTCCAAC AATGGCCTCAGGGAAAAACT
EGFR NM_005228.5 AGGTTGTAAGGGGGAGCACT CCAGTGCCTTTCCTGCTAAG
ZEBI NM _001128128.3 TGCACTGAGTGTGGAAAAGC TGGTGATGCTGAAAGAGACG

13



Validation of promoter methylation status by pyrosequencing

Nthy/WT and Nthy/V600E cells were cultured until confluent
monolayers were formed. Genomic DNA was extracted using QIAamp
DNA mini kit (Qiagen) according to manufacturer’s recommendations.
The genomic DNA (gDNA) concentration was quantified using a
Nanodrop One (Thermo Fisher), and >1 pg/20 pL of gDNA was

provided for pyrosequencing analysis.

Pyrosequencing was performed by Macrogen (Seoul, Korea)
using PyroMark Q48 Autoptrep (Qiagen) system. Primers for
pyrosequencing are described in table 2. EpiTect Fast DNA Bisulfite
Kit (QIAGEN) was used for bisulfite treatment. The methylation rate
was compared between the two types of pyrosequencing data before
and after bisulfite treatment. For plotting the pyrosequencing and
gRT—PCR validation results, GraphPad Prism ver. 9.1.0 for Windows

(GraphPad, San Diego, CA, USA) was used.

14



Table 2. Primer design for pyrosequencing

Gene Target Location Forward Primer Reverse Primer

cgl13461622 :chrl:

RUNX3 5%701385.25001385  AGGAAAGTAAGTTTTTGTTTGTATTTAAG AACTCCTCCACCCTAACT

MEST cg14088957 :chr7: AGAATAGTGGGTATAATTAGGAGAGT AATTAAAAAAATTCCTCCCTCTTTCT
130131085-130131085
cg16049864 :chr8:

TPS3INPI  g2oeoion os0e00s4 ~ GAGGGTTTGGGGTATAAAGG TCCCAACACCCTAACTACAC
cg02841844 :chrl0:

RASSF4 Gi4ssarlasassay]  OTTGGAGGGGGAGGGATTT TCCCCTCCCACCCAAAACTACCAC
cg14237894 :chr5:

GPX3 150400040- 150400040  GGTGGGGAGTTGAGGGTAA CCCAACCACCTTTCAAAC
cg24387864 :chrll:

CCNDI bo431823.c0454803  GGTTTTGTTGGGGGTGTAG ATAATATTAAAAACCCTCTCATATAACC
cg16445842 :chrl8:

BCL2 £0086860-60086860  AGAGGGGAAGATGAAGGAGT TCCTACCTTCATTTATCCAACAACTTT

DUSP6 cg20143530 :chrl2: GTTTGGTTGTGTAGAAAATTAGAAGAA  ATTCCCCCCAACAATAACTTATAACTCC
89747082-89747082
cg03860890 : chr7:

EGFR <2086288.55086083  TAGTGTTGTAGGGGAGGT TCCCCCTTTCCCTTCTTTTAT

ZEBI ©g00520933 :chrl0 TAGGTGGTAGGATTTAGAGTTAAGG ATCTTTTCAAAAATCCCAAAACTTATAC

:31607160-31607160

15



Ethical statement

This is not the study that deals with human or animal subjects, so it
doesn’t need to gain the approval from Institutional Review

Board/Institutional Animal Care and Use Committee (IACUC).
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I11. Results

Gene Expression Microarray

In total, 5,165 genes were differentially expressed between Nthy/WT

and Nthy/BRAF cells. Number of up—regulated DEGs in Nthy/V600E

were 2,441 and down—regulated DEGs were 2,724 (Figure 2) [19].

IL1B

A SFRP1
MPP4 - -

MR

SNTB1 | AGPAT9 .

. PLA2GT. -

Upregulated DEG: 2,441

log-fold-change

"L Asap3 .. . .
. AFAP1L2 . FSTL1

GFRAT
WRETRRs GO0 ApL
7 4
Down-regulated DEG: 2,724
TUuBB2B
T T T T T
8 10 12 14 16

Average log-expression

Figure 2. Microarray (MA) plot for the DEGs in the Nthy/V600E cells.
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Methylation Microarray

In the methylation array analysis, total of 266,267 probes
were differentially methylated between the Nthy/WT and
Nthy/V600OE cells. The detailed number of DMPs according to the
genomic structure and geographic region of the CpG island is shown
in Figure 3. Based on the side of Nthy/V600E cells, total of 199,821
probes were hypermethylated whereas 66,446 probes were

hypomethylated (Figure 1).

18



C

69019

4129’

117979 —

23070

25641

‘i 11412

68135

) 39485

15297

5134

1054

'13155

8282
*l 2784

5204

- 1121

37
1542 '

43470

24072

5995

/

2y

12291

' 4690

19

= 7551500

= T$5200

= 5'UTR

= 1st Exon

® Exon Boundaries
u Body

m 3'UTR

=GR

m Island
= Shore
= Shelf
= Open sea

= TS51500

= TS5200

= 5'UTR

= 1st Exon

= Exon Boundaries
= Body

= 3'UTR

=GR

u |sland
m Shore
= Shelf

= Open sea




Figure 3. Distribution of differentially methylated probes according to
genomic location and CpG site. (A) Number of hypermethylated
probes in Nthy/V600E cells; genomic structure. (B) Number of
hypermethylated probes in Nthy/V600E cells; geographic regions
from the CpG area. (C) Number of hypomethylated probes in
Nthy/V600E cells; genomic structure. (D) Number of hypomethylated
probes in Nthy/V600E cells; geographic regions from the CpG area.

UTR, untranslated region; IGR, intergenic region.
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Integrated Analysis of Microarrays

In the Nthy/V600E cells, number of hypermethylated DMPs in
promotor region with CpG island were 14,516. Number of significantly
down—regulated genes in Nthy/V600E cells were 2,724. According to
genomic location, total 697 genes showed the inverse correlation
pattern (Promoter hypermethylation with exonic down—regulation) in
Nthy/V60OE cells. Table 3 lists the top 20 genes that showed
promoter hypermethylation and gene down—regulation, sorted by the
number of hypermethylated probes of CpG islands in the promoter
region. Apoptosis—related genes (FASK7T, PTEN, EPB41L3),
structural constituent—related genes (FBLNZ), DNA repair genes

(MADZL2), and scavenger receptor genes (SCARF2) were included.

21



Table 3. Top 20 genes with DNA hypermethylation above the exonic area and downregulation of exons in Nthy/V600E cells

Gene name Number of upstream log FC | t-value | Adjusted Selected gene function from gene ontology
hypermethylated probes p-value database

SGCE 22 -0.872 | -11.014 | 0.002 Calcium ion binding, cytoskeleton, cytoplasm

Cell-cell  junction, apoptotic  process,
EPB41L3 15 -1.364 | -19.244 | 0.001

regulation of cell shape

Serine/threonine kinase activity, apoptotic
FASTK 12 -0.658 | -5.482 0.017

signaling pathway

Pyrimidine nucleobase catabolic process, axon
DPYSL4 11 -1.232 | -15.216 | 0.001

guidance
PTEN 11 -0.495 | -6.981 0.009 Apoptotic process, epidermal growth factor

22



signaling pathway

Cytoplasm  Embryonic  skeletal system

KIA4A1217 10 -1.020 | -10.900 | 0.003
development
NTF3 10 -0.398 | -6.606 0.010 Activation of MAPK activity
FAM1634 10 -0.344 | -5.730 0.015 Integral to membrane
PAOX 9 -1.329 | -14.875 | 0.001 Cellular nitrogen compound metabolic process
Negative regulation of transcription and cell
RUNX3 9 -0.902 | -11.945 | 0.002
cycle
ZFP3 9 -0.392 | -6.522 0.010 DNA-templated, regulation of transcription
Histone methylation, negative regulation of
PRMT6 9 -0.335 | -4.078 0.040
transcription
23
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Cell differentiation, perinuclear region of

UNC454 -0.294 | -4.076 0.040

cytoplasm

Endoplasmic reticulum, regulation of lipid
MEST -0.250 | -4.026 0.041

storage
CYP24A41 -1.604 | -4.462 0.031 Vitamin D receptor signaling pathway
FAM1104 -0.539 | -8.772 0.005 Cytoplasm, microtubule organizing center
FBLN2 -0.466 | -4.293 0.035 Extracellular matrix structural constituent

Negative regulation of transcription from RNA
SAMDI11 -0.397 | -4.283 0.035

polymerase 11

Negative regulation of transcription, DNA
MAD2L2 -0.317 | -4.440 0.031

repair

24
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SCARF?2

-1.081

-15.262

0.001

Scavenger receptor activity

25



Conversely, the number of hypomethylated DMPs in the
promoter region in Nthy/V60OE cells was 3,022, and 2,441 genes
were significantly upregulated. Total 227 genes had inverse
correlation pattern of promoter hypomethylation and exon up—
regulation in Nthy/V600E cells. Table 4 shows the top 20 genes that
have the DNA hypomethylation and exon up—regulation in
Nthy/V600E cells. Cell cycle—related genes (CCND1, BCL2 PSMDb5),
MAPK activation—related genes (GHR), and transmembrane
transporter—related genes (SLC6AI15, BCLZ2 HOXB7, NPASZ

KCNK1, ARHGAPZ22) were included.

26



Table 4. Top 20 genes that had an inverse correlation with hypomethylation and upregulation in Nthy/V600E cells

Gene name | Number of upstream log FC t-value | Adjusted | Selected gene function from gene ontology
hypomethylated probes p-value database
8 1.184 11.630 | 0.002 Mitotic cell cycle, positive regulation of protein
CCNDI1
phosphorylation
7 0.570 9.215 0.004 Negative regulation of platelet activation,
THBD
leukocyte migration
NTNG! 6 0.594 7.708 0.007 Axonogenesis,anchored to plasma membrane
5 2.031 24.169 | 0.000 DNA binding transcription factor, signal
NPAS?2
transducer
SLC6A15 5 0.961 8.960 0.004 Proline:sodium symporter activity,
27



neurotransmitter transporter

0.667 10.938 | 0.003 Sequence-specific DNA binding transcription
HOXB7
factor activity
0.666 11.088 | 0.002 G1/S transition of mitotic cell cycle, negative
BCL2 regulation of apoptotic process and mitotic cell
cycle
TMEM108 0.439 7.422 0.007 Integral to membrane
SPRY4 2.731 18.910 | 0.001 Negative regulation of MAP kinase activity
1.690 20.881 | 0.001 Negative regulation of transcription from RNA
SATB2
polymerase 11
GADI 1.259 14.122 | 0.001 Glutamate decarboxylation to succinate
28
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KCNK1 1.077 16.265 | 0.001 Potassium ion transport,synaptic transmission
0.939 15.545 | 0.001 Activation of MAPK activity, activation of
GHR
JAK2 kinase activity
0.897 9.592 0.004 Regulation of small GTPase mediated signal
ARHGAP22
transduction
0.705 11.726 | 0.002 Signal transduction by p53 class mediator
PSMD5
resulting in cell cycle arrest
SLAINI 0.681 7.139 | 0.008 NA
0.525 4.934 0.023 Positive regulation of transcription, hyaluronan
HAS3
biosynthetic process
RIPPLY2 0.435 6.315 0.011 Ossification, somitogenesis
29
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0.295 4.582 0.029 Structural constituent of ribosome,
MRPS14
mitochondrion
CPEBI 0.264 4.027 0.041 Cytoplasmic mRNA processing
30



Data Based Functional Analysis

SP—PIR keywords obtained from 697 hypermethylated—
downregulated genes in Nthy/V600E are listed in Table 5. Tumor
suppressor genes (RASSF4, PRR5, PLA2GI16, CADMI, EFNAI,
PYCARD, BINI1, MNI, PTEN, MTUSI) were downregulated in
response to upstream hypermethylation in Nthy/V600E cells. Table 6
lists the SP—PIR terms corresponding to the 227 hypomethylated—
upregulated genes in Nthy/V600E cells. Protooncogenes (EGFR,
FGF5, CCND1, FLI1, MAFB, BCLZ, ETVI1, FOXO1, MECOM, CBFB)
were upregulated in response to upstream hypomethylation in

Nthy/V600E cells.
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Table 5. SP-PIR keywords obtained from 697 hypermethylated-downregulated genes in Nthy/V600E cells

Fold
Term P-value Genes

enrichment
Glyoxylate bypass 0.069 28.370 IDH?2, IDH1
Stress-induced protein 0.030 10.639 STK25, HSPB1, SERPINHI
Ehlers-Danlos syndrome 0.055 7.737 COLIAI, B4GALT7, ADAMTS?2
Cholesterol biosynthesis 0.004 7.466 CYB5R3, TM7SF2, HMGCR, CYP51A41, FDFTI
Sterol biosynthesis 0.011 5.674 CYB5R3, TM7SF2, HMGCR, CYP51A41, FDFTI
Tyrosine-specific phosphatase 0.004 5.491 PTPRM, PTPRE, PTPN2, PTPRA, PTPRN, CDC25B
Dwarfism 0.010 4.480 COL9A42, FGFR3, PTHIR, DYM, COLIAl, FLNB
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Steroid biosynthesis 0.013 4.256 CYB5R3, TM7SF2, HUGCR, CYP51A1, ACAT2, FDFTI
Homotetramer 0.087 3.783 ASS1, GUSB, ALDH?2, FUCAI
Triple helix 0.094 3.661 COL9A42, COL6AI1, COLIAI, COL16A41
Hydroxylysine 0.094 3.661 COL9A42, COL6AI1, COLIAI, COL16A41
Phospholipid biosynthesis 0.059 3.377 CHKA, CPTIB, ISYNAI, CRLSI, ETNK?2
Fatty acid biosynthesis 0.064 3.299 PTGIS, SCD, ELOVL2, FADS3, FADS2

PTPRM, PTPRE, PTPN2, PTPRA, PGAMI, PPP3CC,
Phosphoric monoester hydrolase | 0.011 3.289

PTPRN, CDC25B

CYB5R3, TM7SF2, A4GALT, PTGIS, HMGCR, CYP5I1Al,
Lipid synthesis 0.002 3.184

SCD, ELOVL2, FADS3, FADS2, FDFTI
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Copper 0.050 2.986 ATOXI1, COX17, MT1X, MOXDI, APLPI1, MTIF
Tyrosine-specific protein kinase | 0.088 2.955 DDRI, FGFR4, FGFR3, ERBB2, ROR2
LIM domain 0.039 2.797 LIMS2, LMOI, PRICKLEI, LIMK?2, PDLIM]I, ISL1, TES

CTHRCI, COL9A42, CIQLI, COL6AI, SCARA3, COLIAI,
Collagen 0.019 2.688

CIQL4, COL16A1, WDR33
GTP binding 0.087 2.541 RAB31, TUBB2B, GNB2, GNAII, TUBB2A, RHEB

INHBB, HLA-H, TUBB2B, TUBB2A, ITGB4, TUBA4A,
Heterodimer 0.029 2.479

PPP3CC, HLA-B, ADD3

SRI, CYB5R3, PFNI, GSTM3, SERPINB6, GNAII, CSTB,
Blocked amino end 0.043 2.467

COL6A1
Growth factor 0.017 2.382

INHBB, VEGFB, FGF1S8, PDGFB, NTF3, GDF6, NRGI,

34

2] 8k
¥ — I o



GDF15, VGF, MDK, NGF

DDRI, FGFR4, FGFR3, CLK3, ERBB3, ERBB2, TESKI,

Tyrosine-protein kinase 0.042 2.300

ROR2, EPHB4

RND2, PALM, RAB31, PRICKLEI, MRAS, RHEB, RABIS,
Prenylation 0.022 2.182

RAB6B, RHOD, RAB20, RASD2, GNG7

MTMR3, DUSPIS, PTPRM, PPMIE, PTPRE, PTPN2,
Protein phosphatase 0.040 2.182

PTPRA, PPP3CC, PTEN, CDC25B

RASSF4, PRRS, PLA2G16, CADM1, EFNAI, PYCARD, BIN1,
Tumor suppressor 0.053 2.071

MNI, PTEN, MTUS1

o MYOIC, HIPIR, SPIREI, TMSB10, MTSS1L, PALLD, TPM2,

Actin-binding 0.007 2.067

TPM1, FLNB, DSTN, PFNI, EPB41L3, COROIA, AIFIL,
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ADD3, FHODI, ADDI, SNTAI

BLVRA, MEI, TM7SF2, CYP2441, HMGCR, CYP5IAl,
NADP 0.049 2.000
IDH?2, IDHI, NADK, HSD1IBIL, FDFTI

SP-PIR, Swiss-Prot Protein Information Resource.
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Table 6. SP-PIR keywords from 227 hypomethylated-upregulated genes in Nthy/V600E cells

Fold
Term P-Value Genes
Enrichment
EGFR, FGFS5, CCNDI, FLIl, MAFB, BCL2, ETVI, FOXOI,
Proto-oncogene 0.001 3.767
MECOM, CBFB
SATB2, CCNDI, FLIl, BRD3, BCL2, MSI2, ETVI, FOXOI,
Chromosomal rearrangement | 0.000 3.727
MECOM, CHCHD7, HMGAI, CBFB
SLC248, TMYSF1, ICAl, NPTXI, CADPS2, PRDX6, AGTRAP,
Cytoplasmic vesicle 0.020 2.912
PHLDAI
Homeobox 0.022 2.864 TSHZ3, IRX3, SATB2, MSX1, HOXB7, ZHX2, MKX, ZEBI
Developmental protein 0.000 2.447

TSHZ3, FZDS, IRX3, SATB2, EGFL7, ANOI, FOXAI, NINGI,
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ANPEP, MECOM, PPDPF SPRY4, ZIC2, ARHGAP22, NOTCHI,

MSXI, HOXB7, SFRPI1, POGK, RIPPLY2, MKX, TWIST?2

MAFB, FOXAI, PPARG, KLF15, CPEBI, ZEBI, CITED4, NOTCH],

Activator 0.007 2.333

FLI1, GATA3, DNER, ETVI1, NFIL3, ETV4

IRX3, SATB2, MSX1, MAFB, FOXAl, ZHX2, ZNF503, CPEBI, ZEBI,
Repressor 0.029 2.191

NFIL3, TWIST2
DNA binding 0.099 2.039 MSXI, FLI1, HOXB7, PPARG, NR3C2, ZEBI, NR2F2, HMGAI

SP-PIR, Swiss-Prot Protein Information Resource
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Validation by TCGA

Numbers of PTC with BRAF mutation in TGGA was 251 and
PTC with BRAF wild type was 243. In silico validation using TCGA
data showed that 491 of 697 genes (70.44%) presented the same
promoter hypermethylation with a gene down—regulation pattern in
PTC with the BRAF'®® mutated PTC, compared to the PTC tissue
without the BRAF'®°® mutation. Furthermore, 153 of 227 genes
(67.40%) showed hypomethylation with a gene up—regulation pattern
in PTC with the BRAF'*** mutated tumors. Details of TCGA validation

results for 924 genes described in table 7.
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Table 7. Validation of inverse correlation pattern of 924 genes in Nthy/V600E cell

and TCGA PTC with BRAF mutation tissue.

Hypermethyl-downregulated

Hypomethyl-upregulated

Genes Logics for inverse correlation | Genes Logics for inverse correlation
pattern, 491/697 (70.44%) pattern, 153/227 (67.40%)
SGCE TRUE SLC6A15 FALSE
EPB41L3 TRUE NTNGI TRUE
FASTK TRUE BCL2 TRUE
DPYSL4 TRUE CCNDI TRUE
PTEN FALSE GADI TRUE
KIAA1217 TRUE KCNK1 TRUE
NTF3 FALSE SLAIN1 FALSE
FAM1634 TRUE SPRY4 TRUE
PAOX TRUE THBD TRUE
RUNX3 TRUE ANOI1 FALSE
ZFP3 FALSE CA2 TRUE
PRMT6 TRUE NACC2 TRUE
UNC454 FALSE PLXNA2 TRUE
MEST TRUE SKAP2 TRUE
CYP24A41 TRUE C9orf64 FALSE
FAM1104 TRUE HOXB7 FALSE
FBLN2 TRUE NPAS2 FALSE
SAMDI1 TRUE TMEM108 FALSE
MAD2L2 TRUE ADCY1 FALSE
SCARF2 FALSE ALDHIA3 TRUE
INA TRUE ARHGAP22 TRUE
FAMS84B TRUE CERS2 FALSE
TP53INPI FALSE CPEBI TRUE
GRBI0 TRUE DUSP6 TRUE
CENPV TRUE GHR TRUE
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NDRG2 TRUE HAS3 TRUE
PTHIR TRUE HMGAI TRUE
CDOI TRUE 1CAl TRUE
RPP25 TRUE KANK1 FALSE
IGFBP3 TRUE KCTDI2 TRUE
PRKCZ FALSE KHDRBS3 TRUE
ROR2 TRUE MRPS14 TRUE
LRRC61 FALSE NR2F2 TRUE
RASD?2 TRUE PSMD5 TRUE
JDP2 TRUE RIPPLY2 FALSE
FAMI33B TRUE SATB2 FALSE
PAPLN TRUE SLC3948 TRUE
CHFR TRUE ANPEP TRUE
PPMIE TRUE C3orf52 TRUE
MGMT TRUE DPYSL3 TRUE
CLDN11 TRUE EPDRI FALSE
PLBDI TRUE FERMTI TRUE
FAT4 TRUE IRX3 FALSE
AHDCI1 TRUE LRRC34 TRUE
LEPR FALSE MKX TRUE
CHSTI3 TRUE NAV2 TRUE
CPTIC TRUE POGK TRUE
IRFS§ TRUE SECI64 TRUE
COLIAI TRUE SORDL TRUE
P4HA2 TRUE TMISF1 FALSE
COLI16A1 TRUE ABCAI TRUE
CTHRCI TRUE ADORA2B TRUE
CIQLI TRUE AGTRAP TRUE
CCDC85C FALSE AKAPI2 FALSE
PMP22 TRUE ARHGDIA FALSE
MNI1 FALSE ARID34 TRUE
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TRABD TRUE ATRIP TRUE
KRBAI FALSE BRD3 TRUE
FUCAl TRUE C3orf70 TRUE
CYorf142 TRUE C90rf85 FALSE
GNG7 TRUE CADPS?2 TRUE
FZD9 TRUE CBFB TRUE
HPSE TRUE CORO2B TRUE
MGATI TRUE DUSPI TRUE
TSTD1 FALSE ETV4 TRUE
FADS2 TRUE FAM1024 FALSE
MYADM TRUE FAM1294 TRUE
EXO5 FALSE FAM1844 FALSE
MBP TRUE FAM43B TRUE
FAIM FALSE FGFS5 TRUE
EIF4E3 TRUE FOXA1 TRUE
FNDC4 TRUE FRMD3 TRUE
GCHFR FALSE FZD8 TRUE
MAGOH TRUE GALC FALSE
MCOLN3 TRUE GLDC TRUE
FSTL1 TRUE LPARI FALSE
PRSS23 TRUE LRRCCI1 FALSE
LOC728392 FALSE MANSCI TRUE
ANXA43 TRUE MLPH TRUE
STXBP2 TRUE MSI2 TRUE
BLVRA FALSE MTSS1 TRUE
GFRAI TRUE PHLDAI TRUE
RBCK1 FALSE PKIA FALSE
RASSF7 FALSE PLD6 TRUE
NGF TRUE PNMALI TRUE
APIM?2 FALSE PRKDI FALSE
CASZ1 FALSE OPCT TRUE
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ALDH?2 TRUE RPL31 FALSE
GPX7 TRUE S1PR3 FALSE
SPINT2 TRUE SLC3841 TRUE
EFNAI TRUE SOX9 FALSE
RAPIGAP TRUE ST3GALI TRUE
WNT54 TRUE ST8SIAS TRUE
coxi7 TRUE T0X2 FALSE
ETS2 FALSE TWIST2 TRUE
TSPANY FALSE VPS37B TRUE
PLEK?2 FALSE ZEBI TRUE
10CA1 FALSE ZHX2 TRUE
LBH TRUE ABCGI FALSE
FARPI TRUE AGPAT9 TRUE
TFAP24 FALSE AHNAK?2 TRUE
PLAGLI FALSE AK1 FALSE
NRGI FALSE AKS5 FALSE
APLPI TRUE ALDH3A42 TRUE
RABIS TRUE ASBI3 TRUE
S100410 TRUE ASTN2 TRUE
MAP6DI FALSE C19orf24 TRUE
SGSM3 TRUE C9orf89 FALSE
STOX2 FALSE CAMK2N2 FALSE
ABCG1 FALSE CANTI TRUE
SLC2942 TRUE CCDC8 TRUE
CNIH2 FALSE CHCHD7 TRUE
SAP25 FALSE CHGB TRUE
CHKA TRUE CHSY3 FALSE
PARPY TRUE CITED4 TRUE
SOX12 TRUE CKB TRUE
NINL FALSE CMBL TRUE
RHEB TRUE CPXM1 TRUE
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FAMS3H TRUE DDN TRUE
PLXNDI FALSE DECRI TRUE
TP53111 TRUE DLAT FALSE
GRINA TRUE DNER FALSE
GCClI TRUE DYNCII1 FALSE
SLC3043 TRUE EGFL7 FALSE
SCRN1 TRUE EGFR TRUE
GDF6 FALSE EIF542 TRUE
ZNF32 TRUE ELMOI TRUE
PDLIM1 TRUE ERRFII TRUE
UBE2L6 TRUE ETVI TRUE
DYSF FALSE FAM9241 TRUE
UPPI TRUE FBLNS5 FALSE
VANGL2 TRUE FBXL16 TRUE
MTIF TRUE FBXO033 TRUE
PALM TRUE FGFRLI TRUE
ATOHS TRUE FLII TRUE
JUP TRUE FLRT2 FALSE
MEGF6 TRUE FOXO1 TRUE
TCEA2 TRUE FOX01 TRUE
DSP TRUE FTL FALSE
ACAT2 FALSE GABBR2 TRUE
IGFBP7 TRUE GALNTI14 TRUE
STRAI3 TRUE GALNT6 TRUE
PPL TRUE GATA3 TRUE
ADAMTSS TRUE GLUDI TRUE
CDC25B TRUE GPR19 TRUE
CCDC136 TRUE GTF3C6 FALSE
DLK2 FALSE HERCS TRUE
ENO2 TRUE HJURP TRUE
CENPB FALSE HRASLS TRUE
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PFKP TRUE HSPA4L FALSE
CHCHDI10 TRUE HTRAI TRUE
CLDN23 FALSE 1ER?2 TRUE
IL6ST TRUE ITGA2 TRUE
SLC4A411 TRUE KATNBI FALSE
C7orf57 FALSE KLF15 TRUE
PBX4 TRUE KLHL21 TRUE
PTPRA TRUE LMBRD?2 FALSE
MFSDI10 TRUE LYSMD2 TRUE
OCLN TRUE MAFB TRUE
FGFR4 TRUE MARCHO06 FALSE
PRR36 FALSE MARKI TRUE
DIABLO TRUE MDGA2 FALSE
ANKDDIA TRUE MECOM FALSE
PRR5 FALSE MIRLET71 FALSE
CRLS1 FALSE MRAP2 FALSE
RAB6B TRUE MSX1 TRUE
SMARCD3 TRUE MYRIP TRUE
PPPIR3C TRUE NALCN TRUE
FDFTI TRUE NEDDA4L TRUE
YBX2 TRUE NFIL3 TRUE
BCATI TRUE NOTCHI TRUE
EHBPILI TRUE NPTXI TRUE
SUNI FALSE NPY TRUE
SPIRE1 TRUE NR3C2 TRUE
GREBIL TRUE NTSRI TRUE
TES TRUE OPCML FALSE
SCARA3 TRUE OSRI1 TRUE
FAM644 TRUE PACSIN3 TRUE
SLC22417 TRUE PAIPI TRUE
KLC3 TRUE PDE]2 FALSE
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CYP5141 TRUE PLXNA4 FALSE
CCNF FALSE PPARG TRUE
PTPRN TRUE PPDPF FALSE
CD40 TRUE PPFIBP2 FALSE
ELOVL2 TRUE PPMI4 TRUE
SNTAI TRUE PPP2R2B TRUE
IFI30 TRUE PRDX6 TRUE
KCNH3 TRUE PRRI16 FALSE
FTHI TRUE RAII4 TRUE
EBF4 FALSE RAPGEFS5 FALSE
JMJIDS FALSE RAVERI FALSE
MYBL2 TRUE RGS17 TRUE
ASS1 TRUE RTNI FALSE
ACOT4 FALSE SAMDI10 FALSE
ATF3 FALSE SFRPI TRUE
HSDI1IBIL TRUE SH3BGRL?2 TRUE
MYOIC TRUE SLC1649 TRUE
UQCRCI TRUE SLC2A48 TRUE
ADCK2 TRUE SLC3543 TRUE
MEG3 TRUE SLC35F3 FALSE
CABP7 FALSE SLC742 TRUE
MRAS FALSE SNHG7 FALSE
FGF18 TRUE SNTBI FALSE
DGAT1 TRUE SOCS4 TRUE
SLC3843 TRUE STOM TRUE
LRRN2 TRUE TENM4 FALSE
FAMS50B TRUE TMEM115 TRUE
NPPB TRUE TMEM163 TRUE
CYPIBI TRUE TMEM2 TRUE
CRISPLD? FALSE TMEM238 FALSE
CXXC5 TRUE TNFRSF11B TRUE
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BNIP3 FALSE TRIM7 FALSE
AFAPIL2 TRUE TSEN2 TRUE
KRT7 TRUE TSHZ3 FALSE
AIFIL FALSE UBEZ2E3 FALSE
BINI TRUE WNK4 TRUE
TUBA44 TRUE WSCDI FALSE
FBLNI TRUE XPOT FALSE
NUAKI TRUE ZDBF?2 TRUE
F2R FALSE ZFP36L1 TRUE
STC2 TRUE zic2 FALSE
SMAD6 TRUE ZMYND19 FALSE
CAND?2 TRUE ZNF503 TRUE
RNF144B FALSE ZNF544 TRUE
HOXCS FALSE ZNF583 TRUE
SLC3743 FALSE ZNF704 FALSE
CDI14 FALSE ZSCANIS TRUE
SMO TRUE
CUXI TRUE
INHBB FALSE
GLIS3 FALSE
SLCI1248 FALSE
ADD3 FALSE
VGLL2 FALSE
EPHB4 TRUE
ZBTB46 FALSE
TWSGI FALSE
HOMER?2 TRUE
HES4 TRUE
SCPEPI TRUE
SRI TRUE
SH3BP4 TRUE

47

gk

]

I

ITU



SSBP2 TRUE
SIDT2 FALSE
ZNF467 TRUE
MAPIB FALSE
MAPILC34 TRUE
PITPNMI TRUE
KLHDCSB TRUE
COL6AI TRUE
MEI TRUE
NRSN2 FALSE
ClOL4 TRUE
ARHGEF16 TRUE
ZNF395 TRUE
PCYOXIL TRUE
VEGFB TRUE
TPM2 TRUE
EFHDI FALSE
GPX3 TRUE
NMU TRUE
Cllorf68 TRUE
MARCKSLI TRUE
CHAFIB TRUE
ARHGEF10 FALSE
RGS7 TRUE
IDH2 TRUE
HSPA2 TRUE
DDX41 TRUE
PER3 FALSE
ATP6VIA TRUE
ZBTB42 TRUE
PAPSS2 TRUE
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NDUFAI2 TRUE
ZFP90 TRUE
KAZN FALSE
ALDOA TRUE
P2RX6 FALSE
LITAF TRUE
C170rf100 FALSE
MOXDI TRUE
ECHDC3 TRUE
FHODI TRUE
SULF2 TRUE
ADCY9 TRUE
SNRPB2 FALSE
ITGB4 TRUE
POFUT2 TRUE
ZC3HI24 TRUE
RHPN2 FALSE
PRUNE?2 TRUE
RALBPI TRUE
SBK1 TRUE
DTDI TRUE
NSUN5 FALSE
ARNT?2 TRUE
GDPD5 TRUE
STK25 TRUE
STMND!1 FALSE
TUB TRUE
ZBTB48 TRUE
AGAP3 TRUE
SERPINB6 TRUE
LAYN TRUE
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TTC39C TRUE
URGCP TRUE
AZIN2 FALSE
DDAH2 TRUE
RNF207 FALSE
TNFRSF19 TRUE
ADAMTS2 TRUE
FAMI175B FALSE
TAXIBPI TRUE
CLECI64 TRUE
LPAR? TRUE
HEYL FALSE
RFC4 FALSE
EBF1 TRUE
LRRC32 TRUE
ATRN TRUE
WDR33 TRUE
SLC1643 TRUE
CYBS5R3 FALSE
SMAD7 TRUE
GPRIN2 TRUE
KANK2 TRUE
RND2 TRUE
XRN2 TRUE
TMSBI0 TRUE
STARDIO0 TRUE
GSTM3 FALSE
ERI3 TRUE
A4GALT FALSE
VPS28 TRUE
LZTS2 TRUE
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DSC2 TRUE
KATNALI TRUE
SLC25440 TRUE
VASHI FALSE
ATP5A1 TRUE
ISYNAI TRUE
KRIT1 TRUE
SLC6A49 TRUE
FADS3 TRUE
PTPN2 TRUE
DDHD?2 FALSE
LPPR5 TRUE
ATGS FALSE
NADK FALSE
PPP3CC TRUE
FRMDS TRUE
RELL2 TRUE
MRPS6 TRUE
ADAMTS7 TRUE
TUBB2B FALSE
CD70 TRUE
ACKR3 FALSE
MATN2 TRUE
PLACS TRUE
CGNLI1 TRUE
PALLD TRUE
MAL FALSE
PTPRE TRUE
VASN TRUE
PYCARD TRUE
MLLTII FALSE
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FSTL3 TRUE
HIF0 TRUE
ISL1 TRUE
ABCC3 TRUE
ADA TRUE
SCD TRUE
PTPRM FALSE
CELSR2 TRUE
FOXN3 TRUE
CDH?2 TRUE
CXCLI6 TRUE
RAB31 TRUE
ZNF789 TRUE
MYL9 FALSE
PEGI0 TRUE
TUBB24 FALSE
RABIIFIPI TRUE
MALL FALSE
PRRX2 TRUE
ZNF362 TRUE
DOCK2 TRUE
SLC745 TRUE
DSTN TRUE
FGFR3 TRUE
HLA-B TRUE
ABHDI2 TRUE
PGM1 FALSE
CDC42EP5 FALSE
RBPMS2 TRUE
PGAMI FALSE
PRDX5 TRUE
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SLC2245 FALSE
EFNB3 FALSE
LDOCIL TRUE
PLXNB?2 TRUE
MX1 TRUE
HSPBI TRUE
SLC25413 TRUE
OLFML2B TRUE
PHLDBI1 FALSE
CARDI0 TRUE
GPRC5C FALSE
TMEM454 TRUE
BMPER FALSE
COL942 FALSE
HMGCR TRUE
SERPINHI FALSE
wwcl FALSE
CHSTIS TRUE
RBP7 TRUE
GYPC TRUE
FAMA46B TRUE
MIF TRUE
XPNPEPI FALSE
EFEMP2 FALSE
NIPAL3 TRUE
SMIM1 FALSE
NPTN TRUE
TMEM91 TRUE
PLCEI TRUE
CDK5RAP3 TRUE
RARRES?2 TRUE
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RHOD TRUE
TUBB6 TRUE
GUSB FALSE
IDH1 TRUE
CDKI14 TRUE
MXD3 TRUE
PLA2GI6 FALSE
ETNK2 TRUE
MCM7 TRUE
OLFML24 TRUE
SCMH1 FALSE
MKRNI TRUE
C170rf97 TRUE
PRICKLE] TRUE
PLEKHAI TRUE
ERBB2 TRUE
SMAD3 TRUE
ADDI TRUE
CHNI FALSE
PPPIRI2B TRUE
PTGIS FALSE
RARA TRUE
SELM TRUE
PKD2 TRUE
HBPI TRUE
CCDC74B FALSE
USP46 TRUE
ZNF775 TRUE
CAMTAI FALSE
SLC26411 TRUE
INSIG1 TRUE

54

e



CPE TRUE
UBE4B TRUE
ZNF133 TRUE
RBXI FALSE
UQCRQ FALSE
CYTLI FALSE
PANX2 FALSE
NT5DC2 FALSE
LYSMD4 FALSE
HIPIR TRUE
SREBF1 TRUE
RILPLI TRUE
ABHDS TRUE
LRRC42 FALSE
Cl4orfI32 FALSE
MDK TRUE
ZC3HCI TRUE
PGRMC2 TRUE
CD276 FALSE
UBE2H TRUE
INTSI2 FALSE
HLA-H TRUE
NFIB TRUE
SSPN TRUE
CADM] TRUE
TMEMI204 TRUE
cAvi TRUE
MTMR3 TRUE
PDGFB TRUE
OCELI TRUE
RIMKLA TRUE
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SPNS1 TRUE
UBE2F TRUE
CTNNAI TRUE
DGCR?2 TRUE
GDF15 TRUE
NCOA4 TRUE
TBCA FALSE
MCMS TRUE
OPRLI FALSE
TM7SF2 TRUE
ITFG3 TRUE
GNB2 FALSE
AHNAK TRUE
TESK] FALSE
KDMS5B TRUE
AFF4 TRUE
TDG FALSE
DVL2 TRUE
MOCOS FALSE
CGN TRUE
H2AFY2 FALSE
FAMS53B TRUE
RYBP TRUE
SHANK3 TRUE
DBI TRUE
GGA2 FALSE
LIMS2 TRUE
CLK3 TRUE
ASPHD?2 TRUE
SPIDR FALSE
Cdorf48 FALSE
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VGF TRUE
ADAMTSLA FALSE
NCAPG2 TRUE
FBXO06 TRUE
POLR2J TRUE
PON2 TRUE
ARIDIA FALSE
CKAP4 FALSE
TECPRI FALSE
PHFI3 TRUE
RNF130 FALSE
BBSY TRUE
DUSPI8 TRUE
HSPBI1 TRUE
COMMD4 FALSE
RERE FALSE
RUFYI TRUE
BRI3 FALSE
RASSF4 TRUE
SLC2743 TRUE
CECR5 TRUE
ATOX] TRUE
DAGLA TRUE
MTUS]I TRUE
SAMMS50 TRUE
GALNTI1 TRUE
C70rf350 TRUE
MUMI TRUE
BAGALT7 FALSE
EPBA4ILS FALSE
AP2M]1 TRUE
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ZFYVEI6 FALSE
MAPK6 FALSE
PRRT3 TRUE
PDXP TRUE
KREMEN? TRUE
PIK3CD TRUE
GAA TRUE
DBNDDI TRUE
NANP TRUE
FKBPI4 FALSE
GPS2 FALSE
PLEKHA? FALSE
TMEM134 FALSE
KIAA1147 TRUE
NQO2 TRUE
TPMI FALSE
PFNI FALSE
WTIP TRUE
AP4E] TRUE
ERBB3 TRUE
MIER] TRUE
TMEMSB TRUE
ACTB FALSE
VASH? TRUE
JOSDI TRUE
TMEM97 FALSE
LRRC20 FALSE
FLYWCH?2 TRUE
SNX7 TRUE
CABLES? FALSE
ARL44 TRUE
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SUSD3 TRUE
HDHD?2 TRUE
SERACI TRUE
GTF2IRDI TRUE
MYLI24 TRUE
TEAD3 TRUE
TFIP11 FALSE
EML4 TRUE
PDCD4-AS1 FALSE
MTGI TRUE
PXYLPI FALSE
GLOD4 TRUE
DYM FALSE
CPTIB FALSE
ABCCS5 FALSE
MPST FALSE
RAPIGDSI TRUE
OBSL1 TRUE
HMGN2 FALSE
CAST TRUE
MKL?2 FALSE
LOC284023 TRUE
IER3 TRUE
PSMAS FALSE
ALGI0B TRUE
DDR1 TRUE
RRAGC TRUE
B4GALTI TRUE
DBF4 TRUE
TETI FALSE
FBXO2 TRUE
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CCM2 TRUE
GCSH TRUE
TEF FALSE
SELO TRUE
ITGB3 TRUE
ZNF280B FALSE
RRBPI FALSE
IL15 FALSE
BACE2 TRUE
FAM1784 TRUE
RAB20 TRUE
FLNB TRUE
LSM5 TRUE
SYTII TRUE
PEX6 FALSE
MMP2 TRUE
SLFNI3 FALSE
UBXN2A FALSE
AGFG2 FALSE
RSPH3 TRUE
COROIA TRUE
MTF2 FALSE
CISH TRUE
TMEMI07 FALSE
RCOR2 FALSE
CI8orf25 FALSE
ATXNI0 FALSE
LYPDI TRUE
DNMT3B TRUE
CSTB TRUE
NICNI TRUE
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TIMMSB TRUE
MSRB1 FALSE
MTSSIL TRUE
DNAJB6 TRUE
PLIN2 TRUE
WDRY1 TRUE
HAPLN3 TRUE
H2AFY TRUE
RADIL TRUE
NARF FALSE
MTIX TRUE
HSF2 FALSE
MAPRE2 TRUE
TP53BPI FALSE
RPS23 FALSE
GLI3 TRUE
PDPR FALSE
MISI2 TRUE
SLCO341 FALSE
PCGF6 TRUE
CASP2 TRUE
PPCS TRUE
BOK TRUE
ZNF580 TRUE
HOOK1 TRUE
TMEM?222 TRUE
DNAJC4 TRUE
ZNF514 FALSE
LIMK?2 TRUE
LMO! TRUE
TMEM256 FALSE

61

e



IFFO2 TRUE
ClorfI59 TRUE
TTC26 FALSE
BRE TRUE
PLA2GIS FALSE
PNPLAS FALSE
TMEMI44 TRUE
P2RY6 TRUE
ZMYM5 TRUE
TIGD7 TRUE
SNX5 TRUE
ALDH4A] TRUE
CCDCI38 FALSE
ESCOI TRUE
TMCO3 FALSE
HDAC7 FALSE
LCMT2 FALSE
GNAII TRUE
RAN TRUE
ZNF514 FALSE
ZNF775 TRUE
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Validation by Pyrosequencing and RT—PCR

Figure 4 shows the in—vitro validation results for part of
inversely correlated genes (RUNXS3, MEST, TP53INP1, RASSF4, and
GPX3 among the hypermethylated genes with downregulation in
Nthy/V600OE cells; CCNDI1, BCLZ, DUSP6, EGFR, and ZEBI among
the hypomethylated genes with upregulation in Nthy/V600E cells).
Pyrosequencing was used for the methylation analysis, and qRT—PCR
was used for mRNA expression analysis. RUNXS, MEST, TP53INF1,
RASSF4, and GFPX3 showed higher promoter methylation rates in
Nthy/V600E cells than in control cells (Figure 4A). RUNXS3, MEST,
RASSF4, and GFPX3 also showed lower mRNA expression in
Nthy/V60OE cells (Figure 4B). CCNDI, BCLZ, DUSP6, EGFR, and
ZEBI showed lower promoter methylation rates in Nthy/V600E cells,
and these genes showed higher mRNA expression in Nthy/V600E

cells (Figure 4C and 4D).
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Figure 4. Pyrosequencing and quantitative real—time polymerase
chain reaction results for selected genes. (A) Methylation status of
selected genes that showed hypermethylation and downregulation in
Nthy/V600E cells. (B) mRNA expression status of selected genes
that showed hypermethylation and downregulation in Nthy/V600E

cells. (C) Methylation status of selected genes that showed
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hypomethylation and upregulation in Nthy/V600E cells. (D) mRNA
expression status of selected genes that showed hypomethylation and

upregulation in Nthy/V600E cells.
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Discussion

Somatic BRAF® mutation is major driver mutation in
thyroid cancer in differentiated PTC. Prevalence of BRAF''®
mutation in thyroid cancer reported up to 30—80% and known to be
associlated with aggressive characteristics of thyroid cancer including
extrathyroidal extension, advanced stage, lymph node or distant
metastasis [3,24—26]. Basic molecular mechanism of BRAF'"
mutation in thyroid cancer is activate mitogen—activated protein
kinase (MAP kinase)/extracellular—signal—regulated kinase (ERK)
pathway. Activation of MAP kinase related gene expression in cell
considered as major tumorigenic mechanism of various cancers, with
enhanced cell cycle with uncontrolled division and over—proliferation

[27,28].

Concurrent genomic and epigenomic change that initiated by
BRAF%°®  mutation in thyroid cancer had been specifically
demonstrated in previous research. Gene expression and DNA
methylation changes in MAP kinase pathway genes are associate with

the specific clinicopathologic characteristics in thyroid cancer [12,29].
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TCGA project and other next generation sequencing studies also
revealed that specific sets of gene expression alteration patterns are
present in thyroid cancer, follows by BRAF'®°® mutation [6,30].
According to TCGA, BRAF'®F like thyroid cancer is related with
upregulated ERK related genes including DUSP genes which is initiate
the Erk transcription, whereas low thyroid differentiation score. And
methylation signature also differentially classified between BRAF
type and RAStype thyroid cancer6. However, intracellular mechanism
that how the BRAF'®°® driver mutation alter the various gene
expressions in thyroid cells has not yet been clearly elucidated. TCGA
shown that two DNA methylation clusters were gathered in the
BRAF'5® like thyroid cancer but molecular consequence of CpG

methylation and gene expression change was not assessed [6].

DNA methylation is an epigenomic phenomenon that methyl
group 1s attached to the 5th carbon of cytosine residue in CpG
dinucleotide. Clusters of CpG dinucleotides are called as "CpG island"
and generally located in promotor area. Hypermethylation of promotor
CpG island repress the transcription of downstream exon and result
in suppress gene expression [8,31]. Hou et al initially proposed that
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BRAF5°® mutation may alter the MAP kinase gene expression
through DNA methylation [16]. They reported functional association
of BRAF°E mutation with methylation change in thyroid cancer cells
and suggested that BRAF'° mutation has possible ability to
epigenetic change. They used BCPAP and OCUT1 cell lines which
harbor the BRAF'%“F mutation [16]. For the control group, they used
shRNA method to knock—down the BRAF gene from the thyroid
cancer cell lines. There were studies to demonstrate the correlation
between DNA methylation and gene expression in thyroid cancer
according to BRAF'SF mutation, using patient derived papillary
thyroid cancer and normal thyroid tissue as control [12,14,32—34].
These studies found that hyper—methylation of tumor suppressor
genes (PTEN, RASSF1A, TIMP3, SLC5A8, DAPK, RARBZ, etc.) and
hypo—methylation of tumorigenic genes (VEGF, etc.) were identified
in thyroid cancer with BRAF°°F mutation. However, previous studies
used the final product of thyroid cancer tissue, that cannot determine
the order of genomic consequence of primitive BRAF'®°’F mutation,
subsequent methylation, and gene expression alteration is followed.

Although Hou ef al. used the BRAF knock—down PTC cell lines, it still
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not the initial period of carcinogenesis induced by BRAF'%°°® mutation.
As so, previous studies have limitation to explain the cellular
consequence, between epigenomic and genomic correlation by the

BRAFt mutation.

To overcome the mentioned limitation above, I used BRAF
gene transfected Nthy—ori cell-lines (Nthy/WT and Nthy/V600E) 19.
In our initial research, Nthy/WT cell showed similar biologic behavior
with Nthy/Ori cells. In contrast, Nthy/V60OE cells showed increased
anchorage independent growth, invasion ability and up-—regulated
genes with ERK/MAPK cascade over time, and gradually becoming a
thyroid cancer cell. It can suggest that Nthy Nthy/V600E cell is a good
model to study early period biologic consequence, induced by
BRAF%°® mutation in thyroid cell. Other thyroid cell lines have
already been changed into late stage or aggressive type of thyroid

cancer such as anaplastic or follicular cancer subtype [18,19].

Our research showed that induction of BRAF*°F mutation in
Nthy—ori cell result in frequent DNA hypermethylation; 199,821
probes were hypermethylated in Nthy/V600E, compared with 66,446

probes in Nthy/WT. In the correlation analysis between methylation
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and gene expression, 697 genes were hypermethylated with under—
expressed in Nthy/V60O0E cells. These genes are related with strong
inducer of apoptosis and promote immune mediated response
(FASTK) [35], tumor suppressor genes in many cancers (P7EN) [36],
significantly increased CpG methylation state in gastric cancer
(SGCE) [37], its' inhibition resulted in rapid cell death of progenitor
cells (PAOX) [38], loss of expression with methylation was related
with carcinogenesis (MEST)[39,40], and site—specific
hypermethylation predicts PTC recurrence (RUNXS) [41]. In the
protein information analysis, tumor suppressor genes that repress the
carcinogenesis (RASSF4, PRR5 PLA2GI16, CADMI, EFNAI,
PYCARD, BINI, MNI1, PTEN, MTUSI) also downregulated in
Nthy/V600E cell. On the contrary, 227 genes showed hypomethylated
with over—expressed in Nthy/V60OE cell. These genes include
transport of glucose and other sugars and hypermethylated in cancer
(SLC6A15)[42], blocks the apoptotic death and differentially
methylated in breast cancer (BCLZ2) [43], alters cell cycle progression
with contribute to tumorigenesis and hypomethylated—high gene

expression  (CCNDI)[44]. Proto—oncogenes that promote
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carcinogenesis (GFR, FGF5, CCNDI1, FLII, MAFB, BCLZ2 ETVI,
FOX0O1, MECOM, CBFB) were significantly enriched in protein

information analysis.

Selected 10 genes for wvalidation analysis are as follows:
RUNXS, MEST, TP53INPI1, RASSF4, GPX3, CCNDI1, BCLZ, DUSP®,
EGFR and ZEBI. RUNX is one of the tumor suppressor genes that its
methylation in thyroid cancer and can predict the recurrence of PTC
[41,45,46]. DNA methylation subsequent MEST gene expression
knockdown is proposed as thyroid cancer cell survival [47]. For the
TP53IP1, loss of pb53 function is important for immortalization in
thyroid cancer cell lines [48]. Methylation of Ras association domain
family (RASSF) genes were reported in thyroid cancer [49]. GPX3is
frequently methylated in human PTC tissue and expression was
regulated by promotor methylation and it was associated with tumor
size and lymph node metastasis [50]. CCNDI gene enhanced
expression proposed as a prognostic factor and possible mechanism
for recurrent in PTC [51]. Higher expression of BCLZ2 gene was
associated with poor survival in thyroid cancer and modulated by
miRNA regulation mechanism [52]. Increased expression of DUSP6
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gene with decreased DNA methylation was reported in PTC tissue
[32]. Overexpression of EGFR in thyroid cancer is well known and
associated with tumor aggressiveness and progression [53,54].
Overexpression of ZEBI was associated with aggressive tumor
progression of PTC and its expression can be knock down by siRNAs
or miRNAs [55—57]. For those genes, same methylation alteration
patterns were obtained in promotor sites by pyrosequencing, and
inverse correlations of mRNA expression were also identified as
shown in figure 4. Therefore, we can propose that inverse correlated
genes from our microarrays can be reliable finding, with the validation

of important genes by pyrosequencing and RT—PCR

I checked the methylation and gene expression changes of
significant genes in the TGCA data, part of in—silico validation.
Results identified that 491 of 697 genes (70.44%) showed the same
hypermethylation—downregulation pattern, and 153 of 227 genes
(67.40%) showed hypomethylation—upregulation in BRAF'6E
mutated PTC tissue. The remaining 30% of genes did not show
significant methylation—gene expression changes. This difference is
probably because one experiment was performed on cell lines and
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another experiment was performed on surgically removed cancer
tissue. Although the cancer cell line has very similar properties to
those of the cancer tissue from which it originated, it is inevitably
genetically different from cancer tissue growing in the human body as
a result of being grown in an in vitro environment. Therefore, three—
dimensional cell line models such as organoids are being used in
recent studies. This finding suggest that future research should

investigate these issues using three —dimensional cell lines.

Based on our analysis, it suggest that initiation of the
BRAF5°E mutation in thyroid cells can modulate cancer—related gene
expression by altering promoter site CpG island methylation. The

possible carcinogenic mechanism is illustrated in Figure 5.

73



Tumor suppressor genes

M@uhtion

RASSF4, PRR5, PLA2G1S,
CADM1, EFNAT, PYCARD, | 4y

P | BIN1, MN1, PTEN, MTUS1 TN
_,_P"HNW“‘L_ I// ~ ,__\II
- | /
o { Carcinogenesis |
. { ogenesis
mutation . } %
000 SO _m;ulatlun Eiasean iie . /),
~ \,__,5\ /L__.--

EGFR. FGF5, CCNDT,
FLI7, MAFB, BCL2, ETV1, | O
FOXO1, MECOM, CBFB

T Methylated ? Unmethylated

Figure 5. Possible carcinogenic mechanisms of the BRAF*°® mutation
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There have been many reports of methylation changes caused
by BRAF mutations in various cancers. However, there has been
relatively little research on the mechanism that how the BRAF
mutation directly or indirectly effects on the DNA methylation change.
From the previous literature, DNM7T'] gene act for the maintenance of
methylation, and DNM73a and DNM7T3b are effect on the de—novo
methylation. 7E7 family genes (7E71, TET2 and TETS3) have a role
of DNA de—methylation. 7E73 act prior to the differentiation and
TETI act after the differentiation [16]. It also reported that BRAF
mutation results in the deregulation of the 7E7 genes (TETI, TETZ,
and 7ET3), which encode DNA demethylases, leading to
demethylation in colon cancer [58]. Another report implies that the
BRAF oncoprotein activates the transcriptional repressor MAFG to
mediate CpG island methylation and make a epigenetic silencing [59].
Association study of DNA methylation pathway related genes and
BRAF mutation should be required to identify the biological
connections between BRAF mutation and DNA methylation. Moreover,
further study with histone modifications and microRNAs with BRAF

mutation also be helpful to find the mechanism of epigenomic
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modulation by the BRAF mutation.

According to our analysis, it suggests that initiation of
BRAF®" mutation in thyroid cell can modulate cancer related gene
expressions by changing promotor site CpG island methylation.
BRAF5°F mutation suppress the anti—tumor related gene expression
by promotor hypermethylation whereas enhance the tumorigenic
effect genes by hypomethylation. In particularly, this study strongly
supports this argument unlike the previous research, as this study
experimented with both gene expression and methylation arrays in
the process of cancer—processing normal thyroid cells, induced by
BRAF'®® driver mutation which is the highest trigger in MAPK
pathway. This study also the first report that uses the latest
methylation array chip — Infinium MethylationEPIC BeadChip (850k)
in thyroid cancer study. Using the higher density chip, this study also
able to more detailed analysis of promotor site methylation, compared

with previous studies that used the 27K or 450K chips [12,33,34].

The results of our study are suggested to have the following
clinical implications. If a test method using a DNA methylation

biomarker related to the BRAF mutation is developed and applied in
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the clinical field, the diagnostic accuracy for ambiguous thyroid
nodules could be improved. Thus, unnecessary re—testing or
diagnostic surgery could be reduced. In addition, the BRAF mutation
1s expected to be used as a biomarker to determine the prognosis and
future treatment policies for patients undergoing surgery for thyroid
cancer. Finally, since methylation changes are epigenetic, meaning
that they are easier to modify than DNA mutations or gene expression
alterations, there may be the potential to develop a methylation—
targeted therapeutic agent to control CpG islands located on

carcinogenic genes.

This study has certain limitations. Although our cell lines are
good models for studying the genomic consequences of the BRAF"
mutation, they are not yet standardized worldwide. Further studies
including previously known BKAF mutation—dominant, or KAS
mutation—dominant thyroid cancer cell lines are needed to support
our results [18]. In addition, our study could not conclude that
methylation changes due to BRAF gene mutations can be reversed by
BRAF gene suppression (e.g., with BRAF inhibitor treatment). Finally,
this study did not identify the direct mechanisms of how the BRAF
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mutation affects methylation in thyroid cancer cell lines, because our
study dealt with associations using two types of microarrays. I intend

to address these limitations in our subsequent research.

In summary, induction of the BRAF'* mutation in normal
thyroid cells changed gene expression by affecting the frequency of
DNA methylation of promoter site CpG islands. This result suggests
that the BRAF'°F mutation modulates DNA methylation to change
gene expression in the carcinogenic cascade. In future research, this
result will be used to identify potential diagnostic and therapeutic

targets in thyroid cancer.
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