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Objective: Mitochondrial NADP+-dependent isocitrate dehydrogenase 2 (IDH2) is
a major producer of mitochondrial NADPH. IDH2-related research has focused on its
mutation mechanism and its clinical significance, but the role of wild-type IDH2 in
carcinoma remains controversial. Altered IDH2 levels have been identified in several
types of carcinomas. However, the significance and expression of IDH2 in thyroid cancer
remains unknown.

Methods: We examined the expression of IDH2 in thyroid cancer and adjacent normal
tissues using quantitative real-time PCR (qRT-PCR), immunohistochemical (IHC) staining
analyses, and western blot analysis with frozen tissues. The relationship between IDH2 and
the clinicopathological features of thyroid cancer was analyzed by IHC. Subsequently, we
investigated the function of wild-type IDH2 in thyroid cancer cells in vitro.

Results: We found that the mRNA expression and protein levels of IDH2 were higher in
tumor than in adjacent tissues, when evaluated by qRT-PCR, western blot, and IHC analyses.
Tumor size, T stage, lymph node metastasis, and TNM stage showed significant differences
between the IDH2 high expression and low expression groups. Multiple logistic regression
analyses indicated that tumor size and IDH2 expression were significantly correlated with the
occurrence of neck LNM. Furthermore, CCKS8 levels, colony formation, and invasive cell
number were decreased in the sh-IDH2 groups. The upregulation of IDH2 in thyroid cancer
cells showed opposite effects.

Conclusion: Our results indicated that IDH2 may play an important role in the development
of thyroid cancer. IDH2 can be used as a potential biomarker for diagnosis and prognosis and
may be a potential therapeutic target for thyroid cancer.

Keywords: thyroid papillary carcinoma, IDH2, function analysis, therapeutic target

Introduction

Carcinoma of the thyroid gland is a common endocrine malignancy. The incidence
of thyroid cancer has increased worldwide over the past few decades, especially
among women.' > By 2030, if these recent trends are maintained, thyroid cancer
will be the fourth most common cancer.* Papillary thyroid carcinoma (PTC) is the
most common histological type of thyroid cancer, accounting for over 90% of all
thyroid malignancies.” Most PTC patients have good prognoses, with a 10-year
survival rate exceeding 95%.> " Nevertheless, the incidence of lymph node metas-
tasis can be as high as 20-50%,® and PTC patients undergoing total thyroidectomy
have a regional recurrence rate of 5-20%.° Without therapeutic options, these
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patients have poor prognoses. Therefore, investigating the molecular
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mechanisms and genetic alterations of PTC are imperative
and necessary for thyroid carcinoma.

Metabolic changes are thought to play an important
role in tumor development. Otto Warburg found that can-
cer cells prefer to produce ATP (adenosine triphosphate)
by glycolysis rather than by oxidative phosphorylation
(OXPHOS) even in the presence of ample oxygen.'*'
This finding was later termed the Warburg effect. The
recent discovery of mutations targeting metabolic genes
in cancer has generated a renewed interest in cancer meta-
bolism. Isocitrate dehydrogenase (IDH) is a key enzyme in
the tricarboxylic acid (TCA) cycle. IDHs include 3 mem-
bers: IDHI1, IDH2, and IDH3. IDHI is located in the
cytosol and the peroxisomes, while IDH2 and IDH3 are
located in the mitochondria.'>'® IDH2 mutations confer
a gain-of-function, and lead to neomorphic enzymatic
activity.'” Wild-type IDH2 catalyzes isocitrate to produce
alpha-ketogluatarate (0-KG) and NADPH/CO,, and the
mutant IDH2 catalyzes alpha-ketogluatarate to produce
beta-hydroxyglutarate (2-HG).'®' Supra-normal levels
of intracellular 2-HG lead to hypermethylation of target
genes, which in turn blocks cellular differentiation.?*!

In 2009, a mutation in the IDH2 gene at position R172
was first discovered in patients with gliomas, including
astrocytomas and oligodendrogliomas.?® Subsequently,
R140 mutations were found in acute myeloid leukemia
(AML).""" To date, IDH2 mutants have been detected
in several malignancies.”>** However, research on IDH2
has primarily focused on its mutation mechanism and
clinical significance, and there are very few studies on
the function of wild-type IDH2. In addition, the IDH2
gene was examined for mutations in thyroid cancer, but
no mutations were found in thyroid cancer.”” The altera-
tion of wild-type IDH2 levels has been identified in sev-
eral types of carcinomas. Wild-type IDH2 has been shown
to be overexpressed in testicular and prostate cancers,?
endometrial cancer,?’ and Kashin—Beck disease.?® In con-
trast, wild-type IDH2 is downregulated in gastric cancer
(GC) and hepatocellular carcinoma (HCC), and patients
with low IDH2 demonstrated a lower 5-year survival
rate.>*° However, the significance of IDH2 expression
in thyroid cancer is still unknown.

In this study, we examined the expression of key
metabolic-related enzymes in thyroid cancer and adja-
cent normal tissues by quantitative real-time PCR (qRT-
PCR). We first investigated the expression of IDH2 in
thyroid cancer tissues and compared it with its expres-
sion in adjacent normal tissues by qRT-PCR and western

blot analysis, using frozen tissues. The relationship
between IDH2 and the clinicopathological features of
thyroid cancer was analyzed by immunohistochemistry
(IHC). Subsequently, we investigated the function of
wild-type IDH2 in thyroid cancer cells by inhibiting or
overexpressing IDH2 via plasmid transfection in in vitro
experiments. Our results indicated that IDH2 may play
an important role in the development of thyroid cancer.
IDH2 can be used as a potential biomarker for diagnosis
and prognosis and may be a potential therapeutic target
for thyroid cancer.

Materials and methods

Ethics statement

All tissue samples were taken with informed consent of
the patient. According to the latest revision of the Helsinki
declaration, the program of sample analysis was approved
by Institutional Review Board of the Tianjin Medical
University Cancer Institute and Hospital. The research
was approved by Institutional Review Board of the
Tianjin Medical University Cancer Institute and Hospital.

Patient and frozen tissue selection

187 patients with papillary thyroid carcinoma were identi-
fied between January 2014 and January 2017 at Tianjin
Medical University Cancer Hospital, Tianjin, China. The
patient clinicopathological characteristics were obtained
retrospectively from the medical records and evaluated as
prognostic factors. All patients received thyroidectomy
and lymph node area cleaning. The protocol was approved
by the Tianjin Medical University Cancer Institute and the
Hospital ethics board. Informed consent in writing was
obtained from all enrolled patients. Meanwhile, we ran-
domly selected frozen normal and tumor tissues from 21
clinical patients harboring PTC for subsequent RNA and
protein extraction.

PCR amplification and sequencing

We selected the frozen tissue of the 21 patients mentioned
above for mutation sequencing. Total RNA was extracted from
fresh tissues of papillary thyroid carcinoma and adjacent nor-
mal thyroid using TRIzol reagent (Life Technologies) accord-
ing to the manufacturer’s instructions. 500 ng RNA was used
for reverse transcription with the PrimeScript RT reagent Kit
(Takara). PCR amplification of exon 4 of IDH2 with cDNA,
the hotspot of IDH2 mutation in other cancers, was performed
using the forward primer IDH2 5'- TGCACTCTAGACT
CTACTGCC —3' and reverse primer IDH2 5'- ACAAAGT
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CTGTGGCCTTGTAC —3' with the annealing temperature at
60 °C and 35 cycles. The amplified products were sent to the
external vendor for Sanger sequencing and alignment with
sequences in the gene bank,in which the accession number
of IDH2 is NM_002168.2.

Cell lines and cultured

K-1 and BCPAP human papillary thyroid carcinoma cell
lines (both harboring a BRAFY’F mutation),KTC-1,
TPC-1 and ITHH4 human papillary thyroid carcinoma cell
lines,N thy-ori 3—1 human normal thyroid cell line, Cal-62
and 8505C human thyroid anaplastic carcinoma were pur-
chased from ATCC and appraised. The cells were
approved by the Institutional Review Board of the
Tianjin Medical University Cancer Institute and Hospital.
K-1 was cultured in DMEM (Gibco ¢11995500bt) supple-
mented with 10% FBS (Eallbioul6001dc), 1% Non-
Essential Amino Acids Solution (Gibco,11140050), 1%
L-Glutamine (Gibco,25030081) and 1% Penicillin-
Streptomycin (Gibco, 10378016, 100 U/mL penicillin,
100 pug/mL streptomycin). BCPAP was cultured in RPMI
1640 Medium (Gibco c11875500bt) supplemented identi-
cally to K-1. The culture conditions of N thy-ori 3—1, Cal-
62, KTC-1 and IHH4 were the same as those for BCPAP,
and the culture conditions of 8505C and TPC-1 were the
same as those for K-1 and all cells mentioned above were
purchased from ATCC.The cells were maintained in an
incubator set to 37 °C with 5% CO2.

Antibodies
Anti-GAPDH antibody was purchased from Genetex and
anti-IDH2 was purchased from Abcam.

Construction of stable cell lines

Lenti-virus was purchased from Shanghai Genechem Co.,
LTD. The shRNA-1 sequence was 5-GATCCCCGTGATG
AGATGACCCGTATTATTCAAGAGATAAT ACGGGTC
ATCTCATCACTTTTTA-3', and the shRNA-2 sequence
was 5-GATCCCCGAGCACCAAGAACACCATACTTTC
AAGAGAAGTATGGTGTTCTTGGTGCTCTTTTTA-3'.
Cells were infected with 10 MOI of lenti-virus for 12h and
after 2 days were selected for in 1 pg/mL puromycin (Abcam)
for 14 days After two-weeks in selection medium, cells were
grown in standard RPMI 1640 or DMEM media respectively.

Immunohistochemistry
Formalin-fixed tissue samples were embedded in paraffin
and 5 pm sections were cut. For immunohistochemistry

staining, in brief, the tissue sections on coated slides were
dewaxed and subjugated to antigen retrieval by boiling in
10 mM sodium citrate (pH 6.0) at 130 °C for 3 min, then
pretreated with a 3% solution of hydrogen peroxide for
30 min, rinsed, and incubated with 5% normal goat serum
for 20min as a blocking agent. The sections were incubated
with mouse anti-IDH2 antibody (1:100; Abcam) at 4 °C
overnight. The next day, slides were washed in PBS and
incubated with the secondary antibody for 30min at room
temperature. All steps were preceded by rinsing of sections
with PBS (pH 7.6). The chromogen was 3,3-diaminobenzi-
dine (DAB). The immunoreactivity of IDH2 in the nucleus
of tumor tissues was scored by the H-score method.

Quantitative real-time PCR
The extraction and reverse transcription of total RNA from
cells were as described of that in fresh tissues mentioned
above. The cDNA was then used as a template for exponential
amplification using SYBR Green/ROX qPCR Master Mix
(Thermo scientific) as follows: 95 °C for 10 min, then 40
cycles of 95 °C followed by 62 °C for 1 min. Three replicates
were tested in each group and the experiment was performed
in triplicate. The sequences of primer pairs were as follows:

human HK1 primer: sense, 5'-AATGCTGGGAAACAA
AGGT-3' 5'-AGAGGAATCCCTTCTTG
GG-3;

human HK2 primer: sense, 5-GATTGTCCGTAAC
ATTCTCATCGA-3' and antisense, 5'-TGTCTTGAGCCG
CTCTGAGAT-3';

human IDH1 primer: sense, 5'-CAAGTGACGGAACC
CAAAAG-3" and antisense, 5-ACCCTTAGACAGAG
CCATTTG-3";

human IDH2 primer: sense, 5-TTGGCTGCTTGCAT
TAAAGGTT-3' and antisense, 5'-GTTTGGCCTGAGCTA
GTTTGA-3';

human PKM2 primer: sense, 5'-CCATTACCAGCG
ACCCCACAG-3' and antisense, 5-GGGCACGTGGGC
GGTATCT-3".

human f-actin primer: sense, 5-GATCATTGCTCC
TCCTGAGC-3' and antisense, 5'-ACTCCTGCTTGCTG
ATCCAC-3".

and antisense,

Western blotting analysis

Cells and tissues were lysed in RIPA solution with protease
inhibitor PMSF (1ImM) for 30 min on ice. Cell or tissue
lysates were centrifuged at 12,000g for 15 min at 4 °C, and
the supernatants were collected. Protein concentrations were
quantified using the BCA Protein Assay according to the
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manufacturer’s instructions. Equal amounts (20 pg) of total
protein were separated by SDS-PAGE gel (10-12%) at 70V
for 0.5 h, 120 V for 1 h and transferred to a 0.45 um PVDF
membrane at 300 mA for 60—150 min. After blocking with
5% non-fat milk in TBST buffer for 1 h at room temperature,
the membranes were incubated with primary antibody at 4 °C
overnight. The membranes were washed three times with
TBST buffer and then incubated with peroxidase (HRP)-
conjugated secondary antibody for 1 h at room temperature.
Specific antibody binding was detected by the
Chemiluminescence Kit (Millipore, Plano, TX, USA).
Fluorescent signals were detected by a luminescent image
analyzer (C-Digit, Gene Company Limited, China).

Cell viability and colony formation assay
Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto,
Japan) was employed according to the manufacturer’s
instructions to measure the effects of drugs on the prolifera-
tion of papillary thyroid carcinoma cells. Briefly, K-1 and
BCPAP cells were seeded into 96-well cell plates (Corning
Inc., Corning, USA) with a density of 1000 cells/well in
200 wl culture medium, and incubated for 0 h, 24 h, 48 h,
72 h, or 96 h. Then, 10 pl of CCK-8 reagent was added to
each well and incubated for 3 h at 37 °C. Finally, the
absorbance was measured with an enzyme-labeled instru-
ment (Thermo) at 450/650 nm excitation/emission wave-
lengths. The experiments were repeated at least in triplicate.

For colony formation, K-1 and BCPAP cells were seeded
into 6-well cell plates (Coming Inc., Corning, USA) with
a density of 500 cells/well in 2 ml culture medium for
14 days. The culture medium was replaced once every
3—4 days. Colonies were washed with phosphate-buffered
saline (PBS) 3 times, fixed with 4% paraformaldehyde for
20 mins and stained by 0.5% crystal violet for 15 min at
room temperature.

Wound healing assay and transwell

migration assay

To measure the effect of IDH2 on cell migration, a wound
healing assay was performed. Briefly, cells were seeded
into 6-well plates and incubated until they were 100%
confluent. The confluent monolayer of cells was scratched
with a plastic apparatus to create a cell-free clear zone,
about 1 mm in width. Then, the cells were washed with
PBS and replenished with fresh culture medium. Cells
were incubated for 0 h, 24 h or 48h, and the wound
distance was measured regularly.

For the transwell migration assay, 15,000 K-1 cells or
20,000 BCPAP cells were added into the top chamber of
the insert well (8 um pore size; Corning, USA) with 200 pl
serum-free medium for 10 h or 12 h. After removal of the
non-migrating cells in the top chamber, the remaining cells
were fixed with 4% paraformaldehyde for 20 min, stained
with 0.5% crystal violet for 15 min and counted.

Statistical analysis

SPSS for Windows version 22.0 (IBM Corporation,
Armonk, NY, USA) was used for statistical analyses of
data. Relapse-free survival and overall survival was
defined as the duration of time between the date of the
first surgery and the date of first local relapses and death,
respectively. Survival curves were determined by plotting
of Kaplan-Meier survival curves (Log-rank). For counting
data,the values were expressed as the mean = SEM of at
least three separate experiments. Independent #-test and
Fisher’s Exact test were used for calculating the signifi-
cance between different groups. Statistical significance is
indicated by P<0.05.

Results
IDH2 expression and mutation in frozen

tissues

We examined the expression of key metabolic-related
enzymes in thyroid cancer and adjacent normal tissues
by qRT-PCR. We found asignificant mRNA expression
increase on the level of IDH2 and PKM2 in thyroid cancer
tissues than that in adjacent ones among these key meta-
bolic-related enzymes (Figure S1A). In consideration of
having been reported about the enzyme PKM?2 in multiple
cancers such as thyroid cancer,hepatocellular carcinoma
and ovarian cancer,we selected the enzyme IDH2 for the
following research. The expression levels of IDH2 in
thyroid cancer and adjacent normal tissues was evaluated
by qRT-PCR, immunohistochemical (IHC) staining and
western blot analyses. In 19 of 21 paired samples of
thyroid tissues, the mRNA level of IDH2 was found to
be significantly higher in tumor than adjacent normal
tissue by qRT-PCR,and the rest two paired samples with
no significance (Figure 2A, Figure S1B, P<0.01). To ver-
ify the IDH2 levels, we performed western blot analysis
with 8 pairs of matched thyroid cancer and adjacent nor-
mal tissues randomly selected from the 21 paired fresh
tissues (Figure 2B). The results revealed that IDH2 was
also significantly upregulated in 7 paired thyroid cancer
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tissues relative to adjacent normal ones at the protein level,
and the rest one paired sample with no significance (Figure
2C, P<0.01). Then, we analyzed exon 4 of IDH2 gene for
mutations in 21 frozen tissue samples from PTC patients.
However, we found no mutations of IDH2 in PTC (data
not shown).

The clinical significance of IDH2 in

thyroid cancer

To investigate the expression pattern of IDH2 in thyroid
cancer, we performed IHC staining in paraffin embedded
tissues from thyroid cancer specimens. Tissue arrays were
constructed from 187 thyroid cancer specimens of which
43 included matched adjacent normal tissues and were
subjected to IHC staining. IDH2 protein was mainly dis-
tributed in the cytoplasm of cells (Figure 1). The thyroid
cancer specimens were distinguished as 126 high expres-
sion and 61 low expression samples, while the adjacent
normal tissues were distinguished as 6 high expression and
37 low expression according to the evaluation criteria. The
high expression rate, or positive expression rate, was
14.0% and 67.4% in normal and tumor tissue, respectively,
and the difference between these rates was significant
(Figure 2D, P<0.001). Next, the correlations of IDH2
expression with the clinicopathological parameters of the
patients as determined by the bilateral %2 test are summar-
ized in Table 1. Tumor size, T stage, Lymph node metas-
tasis and TNM stage showed significant differences
between the IDH2 high expression and low expression
groups. However, age, gender, and multifocality did not
show any significant differences between the two groups.
Subsequently, we analyzed the correlation between clini-
copathological features and the occurrence of neck lymph
node metastasis, which is summarized in Table 1. Multiple

Figure | Representative immunohistochemical staining for IDH2 in thyroid
tissues.

Notes: Tissue arrays were performed on 187 thyroid cancer specimens and 43
matched adjacent normal tissues by IHC staining. The final score was the multi-
plication product of these two scores. 0—| score (-), 2—4 scores (+), 5-8 scores
(++), and 9-12 scores (+++). Overexpressed values are denoted by (++) and (+++).

logistic regression analysis indicated that tumor size (OR
3.460; 95% CI 1.761-6.797; P<0.01) and IDH2 expression
(OR 3.470; 95% CI 1.711-7.040; P<0.01) were signifi-
cantly correlated with the occurrence of neck LNM.
However, the other five variants did not have significant
differences, which means that these factors were not con-
nected with LNM, which is summarized in Table 2.

The effect of IDH2 expression in thyroid

cells

The effect of downregulation of IDH2 expression in
thyroid cells

We detected the expression of IDH2 by immunoblotting in
normal thyroid cell lines and thyroid cancer cell lines. We
found that the expression level was higher in thyroid
cancer cell lines than in normal thyroid cell lines, espe-
cially in BCPAP and K-1 cell lines (Figure SIC). To
investigate the potential function of IDH2 in thyroid can-
cer development and progression, we used lentiviral-
mediated sh-RNA (sh-IDH2-1/2) to construct BCPAP
and K-1 cell lines with stable IDH2 deletions. To assess
transfection efficiency, we used qRT-PCR and western blot
analysis to detect mRNA and protein expression levels of
IDH2, respectively. The results indicated that the targeted
shRNAs were able to effectively repress IDH2 at mRNA
(Figure 3A, P<0.01 respectively) and protein levels
(Figure 3B,C, P<0.01 and P<0.05 respectively) by sh-
IDH2-1 and sh-IDH2-2 compared to sh-NC. To determine
whether IDH2 promotes proliferation of human thyroid
cells, we performed CCKS8 and colony formation assays
for proliferation to detect the effect of IDH2 on thyroid
cancer cell lines. The results indicated that the OD450
values of the BCPAP and K-1 cells transfected with sh-
IDH2-1 and sh-IDH2-2 were smaller compared with the
sh-NC group (Figure 4A, P<0.05 respectively).

We then tested the migration capacity of IDH2-
transfectants using a wound healing assay, and the results
showed that the migration ability of the sh-IDH2-1 and sh-
IDH2-2 groups was significantly reduced relative to that of
the sh-NC group. (Figure 4B). These results suggest that
IDH2 can promote the migration of thyroid cancer cells.
However, wound healing assays are primarily used to inves-
tigate the effects of cell-cell and cell-matrix interactions on
cell migration, but do not reflect cell invasion capability. To
better investigate this property we performed transwell inva-
sion assays. The results indicated that the numbers of invasive
BCPAP and K-1 cells transfected with sh-IDH2-1 and sh-IDH
2-2 were lower compared with the sh-NC group (Figure 4C).
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Notes: (A) In 19 of 21 paired samples of thyroid tissues, it is shown that the mRNA level of IDH2 is significantly higher in tumor than adjacent normal tissue by quantitative
real-time PCR. (B) Western blot analysis with eight pairs of thyroid cancer and adjacent normal tissues. (C) IDH2/GAPDH values of eight pairs of thyroid tissues. (D)
Comparison of the expression of IDH2 immunohistochemistry in thyroid cancer and adjacent normal tissues. Values are expressed as mean * SD of three independent

experiments. *¥p<0.01, ***p<0.001.
Abbreviations: T, thyroid cancer tissues; N, adjacent normal tissues.

Table |I. Analysis of IDH2 expression and clinicopathological features in thyroid cancer

Clinicopathological features IDH2 expression hol P-value
High expression Low expression

Age

<55 103 (81.7%) 51 (83.6%) 0.098 0.754

255 23 (18.3%) 10 (16.4%)

Gender

Male 38 (30.2%) 15 (2436%) 0.628 0.428

Female 88 (69.8%) 46 (75.4%)

Tumor size (cm)

> 88 (69.8%) 29 (47.5%) 8.727 0.003%*

< 38 (30.2%) 32 (52.5%)

Multifocality

Absent 88 (69.8%) 40 (65.6%) 0.347 0.556

Present 38 (30.2%) 21 (34.4%)

T stage

TI-T2 110 (87.3%) 59 (96.7%) 4192 0.04*

T3-T4 16 (12.7%) 2 (3.3%)

Lymph node metastasis

Absent 48 (38.1%) 43 (70.5%) 17.267 <0.001**

Present 78 (61.9%) 18 (29.5%)

TNM stage

-l 113 (89.7%) 61 (100%) 6.764 0.009**

[\ 13 (10.3%) 0 (0%)

Notes: Values are expressed as mean + SD of three independent experiments. *P<0.05, **P<0.01.
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Table 2. Multivariate analysis of lymph node metastasis and clinicopathological features in thyroid cancer

Characteristics B SE Wald P-value OR 95% CI
Lower Upper
Gender —-0.293 0.364 0.649 0.420 0.746 0.365 1.522
Age —0.454 0.442 1.055 0.304 0.635 0.267 1.510
Tumor size 1.241 0.345 12.978 0.000%#* 3.460 1.761 6.797
Multifocality 0.264 0.352 0.564 0.453 1.302 0.654 2.595
T stage -0.113 0.555 0.41 0.839 0.893 0.301 2.651
IDH2 expression 1.244 0.361 11.887 0.001** 3.470 1.711 7.040
Constant -0.773 —1.134 0.464 0.496 0.462
Notes: Values are expressed as mean + SD of three independent experiments. **P<0.01, ***P<0.001.
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Figure 3 shRNA (sh-IDH2-1/2) to construct BCPAP and K-1 cell lines with stable IDH2 deletion.

Notes: Quantitative real-time PCR (qQRT-PCR) (A) and western blot (B) analysis to detect mRNA and protein expression levels of IDH2. (C) IDH2/GAPDH values of sh-
IDH2-1/2. Values are expressed as mean qRT-PCR (A) and western blot (B) analysis to detect mRNA and protein expression levels of IDH2. (C) IDH2/GAPDH values of sh-
IDH2-1/2. Values are expressed as mean + SD of three independent experiments. ¥p<0.05, **p<0.01.%£ SD of three independent experiments. *p<0.05, **p<0.01.

Similarly, sh-IDH2-transfected thyroid cells showed less col-
ony formation than sh-NC-transfected cells (Figure 4D).
Taken together, these results indicate that IDH2 promotes
proliferation, migration and invasiveness of thyroid cancer
cells and may have a critical role in thyroid cancer
progression.

Next, flow cytometry (FACS) was used to determine
whether cell proliferation was reduced after IDH2 knock-
down due to inhibition of cell cycle progression or cell
death. The effects of IDH2 knockdown on the cellular
features of apoptosis and cell cycle were examined by

flow cytometry (FACS) experiments. The results indicated
that apoptosis and cell cycle of IDH2 was not different
between sh-IDH2 and sh-NC groups (Figure S2A,B).

The effect of IDH2 overexpression in thyroid cells

The targeted IDH2-plasmids were able to effectively upre-
gulate IDH2 at the mRNA (Figure 5A, P<0.001) and
protein level (Figure 5B,C, P<0.0land P<0.05, respec-
tively). The effect of IDH2 overexpression in thyroid
cancer cells is shown in Figure 6. Compared to IDH2
vector-only control cells, both thyroid cancer cell lines
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with IDH2 overexpression had faster growth rates as eval-
uated by CCK8 assay (Figure 6A, P<0.05). In addition, the
result also indicated that IDH2-plasmid transfection
increased the migration capacity and invasion capability
of thyroid cancer cells compared with the IDH2-vector
group by wound-healing and transwell invasion assays
(Figure 6B,C, P<0.01, respectively). Colony formation
assays further showed that IDH2 overexpression increased
the number of colonies formed (Figure 6D, P<0.01,
respectively). Taken together, these experiments suggested
that IDH2 promotes thyroid cancer cell proliferation and

invasion.

Discussion

The mechanism of IDH1 or IDH2 mutations leading to
human cancer remains to be fully elucidated. IDH2 plays
an important role in antioxidant deficiency, leading to lipid
peroxidation, oxidative DNA damage, and intracellular
peroxide production. The state of IDH2 mutants in cancer
has been revealed in recent years. However, IDH2 muta-
tions are not considered to be common mutation sites in
patients with thyroid cancer according to previous
repor‘cs.25 31 Further, in our study, the IDH2 gene was

examined for mutations in thyroid cancer, but no muta-
tions were found. Thyroid cancer is one of the most pre-
valent human cancers. The role of wild-type IDH2 in
carcinoma remains controversial, and there are different
biological characteristics in different carcinomas.?’-%3273°
However, the significance and expression of IDH2 in
thyroid cancer is still unknown. Consequently, current
research only focuses on the role of wild-type IDH2 in
thyroid cancer.

In the present study, we report for the first time the
expression levels of IDH2 in thyroid cancer and adjacent
normal tissues by qRT-PCR, IHC staining and western blot
analyses. It was demonstrated that the mRNA and protein
levels of IDH2 were significantly higher in tumor than
adjacent normal tissue. This indicates that IDH2 may
play a very important role in the development and progres-
sion of thyroid cancer. In addition, the relationship
between IDH2 and clinicopathologic factors and prognosis
varies between tumors.?”>%3*33 In our study, tumor size,
T stage, lymph node metastasis and TNM stage showed
significant differences between IDH2 high expression and
low expression groups. However, age, gender, and multi-
focality did not show any significant differences between
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the two groups. Multiple logistic regression analysis indi-
cated that tumor size (OR 3.460; 95% CI 1.761-6.797;
P<0.01) and IDH2 expression (OR 3.470; 95% CI
1.711-7.040; P<0.01) were significantly connected with
the occurrence of neck LNM. These results demonstrate
the potential role of IDH2 in the biological mechanisms of
thyroid carcinogenesis and progression and also indicate
IDH2 as a thyroid cancer oncogene.

The mechanisms of IDH2 regulation and effects on
thyroid cancer cell have not been elucidated. According
to analysis of the correlations of IDH2 expression with
the clinicopathological parameters of the patients, IDH2
may play an important role in the development of thyroid
cancer. To test this hypothesis and verify the cancer-
promoting effect of IDH2 in vitro, we used lentiviral-
mediated shRNA (sh-IDH2-1/2) or transient transfection
of IDH2 plasmids to construct BCPAP and K-1 cell lines
with stable IDH2 deletion or overexpression, respec-
tively. We then used these cells to investigate the effect
of IDH2 on cell proliferation in CCKS8 and colony form-
ing experiments and the migration capacity and invasion
capability by wound-healing assay and transwell invasion
assays, respectively. We observed that shRNA inhibits
cell proliferation, migration, and invasion and these cap-
abilities are promoted by transfection of the IDH2 over-
expression plasmid. These results suggest that the
expression level of IDH2 may play a crucial role in the
proliferation, migration and invasion of thyroid cancer
cells.

IDH2 converts isocitrate to a-KG through the reduction
of NADP + to NADPH, and mutations of IDH1 and IDH2
exhibited neomorphic enzymatic activity, resulting in the
production of an onco-metabolite named 2-hydroxygluta-
rate (2-HG).'” It has been shown that 2-HG can impair
histone demethylation and switch cell differentiation
pathways.?® In addition, a reversible reduction of a-KG
to isocitrate has also been discovered under hypoxic con-
ditions with wild-type IDH1 and IDH2, and an elevation
of 2-HG levels was also detected in this process.’® The
regulatory mechanism of IDH2 and its effect on cancer
have not been clarified. Mitochondrial NADP+-dependent
isocitrate dehydrogenase plays an important role in cellu-
lar defense against oxidative damage by providing the
NADPH needed to produce glutathione.*’® GSH and
Trx are important antioxidant systems that protect cells
from oxidative damage and xenobiotic toxicity by remov-
ing reactive oxygen species (ROS).*° Cellular oxidative

stress arising from high levels of ROS contributes to the
development and progression of malignant tumors, includ-
ing carcinogenesis, aberrant growth, angiogenesis and
metastasis.*® Furthermore, GSH and Trx systems also pro-
mote cancer cell growth and suppress immune
responses.*! IDH2 plays an important role in antioxidant
deficiency and leads to increased lipid peroxidation, oxi-
DNA
generation.>”*? Therefore, IDH2 may affect cell prolifera-
tion through alterations in NADP and 2-HG levels.

The limitation of this study is that it is a retrospective

dative damage; intracellular ~ peroxide

study which includes a relatively small number of patient
specimens. Further research is needed to confirm the pre-
cise molecular regulation of IDH2 in cell growth and its
effects on cell invasion. Despite these limitations, our
results indicate that IDH2 may play a very important role
in the development and progression of thyroid cancer and
also indicates IDH2 as a thyroid cancer oncogene. IDH2
can also be used as a potential biomarker for diagnosis and
prognosis and may be a potential therapeutic target for
thyroid cancer. Studying the role of IDH2 in thyroid can-
cer may still be valuable.

Conclusion

IDH2 promotes the proliferation, migration and invasion of
papillary thyroid carcinoma, may play an important role in
the development of thyroid cancer. And IDH2 can be used
as a potential biomarker for diagnosis and prognosis and
may be a potential therapeutic target for thyroid cancer.
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Figure S| The expression of key metabolic-related enzymes and IDH2 in thyroid cancer and adjacent normal tissues and cell lines.

Notes: (A) The expression of key metabolic-related enzymes in thyroid cancer and adjacent normal tissues by quantitative real-time PCR (qRT-PCR). (B) The mRNA level
of IDH2 in 21 paired samples of thyroid tissues by qRT-PCR. (C) The expression of IDH2 by immunoblotting in normal thyroid cell lines and thyroid cancer cell lines. Values
are expressed as mean + SD of three independent experiments. **P<0.01, ***P<0.001.
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Figure S2 The effects of IDH2 knockdown on the cellular features of apoptosis (A) and cell cycle (B) were examined by flow cytometry experiments.

3776 submit your manuscript Cancer Management and Research 2019:1 |
Dove


http://www.dovepress.com
http://www.dovepress.com

Dove Zhang et al

Cancer Management and Research Dove

Publish your work in this journal

Cancer Management and Research is an international, peer-reviewed  The manuscript management system is completely online and includes
open access journal focusing on cancer research and the optimal use of  a very quick and fair peer-review system, which is all easy to use.
preventative and integrated treatment interventions to achieve improved  Visit http://www.dovepress.com/testimonials.php to read real quotes
outcomes, enhanced survival and quality of life for the cancer patient. ~ from published authors.

Submit your manuscript here: https://www.dovepress.com/cancer-management-and-research-journal

Cancer Management and Research 2019:1 | submit your manuscript 3777
Dove


http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

