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Abstract
Oncocytic cell tumor of the thyroid is composed of large polygonal cells with eo-
sinophilic cytoplasm that is rich in mitochondria. These tumors frequently have the 
mutations in mitochondrial DNA encoding the mitochondrial electron transport sys-
tem complex I. However, the mechanism for accumulation of abnormal mitochon-
dria is unknown. A noncanonical mitophagy system has recently been identified, and 
mitochondria-eating protein (MIEAP) plays a key role in this system. We therefore 
hypothesized that accumulation of abnormal mitochondria could be attributed to de-
fective MIEAP expression in these tumors. We first show that MIEAP was expressed 
in all the conventional thyroid follicular adenomas (FAs)/adenomatous goiters (AGs) 
but not in oncocytic FAs/AGs; its expression was defective not only in oncocytic 
thyroid cancers but also in the majority of conventional thyroid cancers. Expression 
of MIEAP was not correlated with methylation status of the 5′-UTR of the gene. 
Our functional analysis showed that exogenously induced MIEAP, but not PARK2, 
reduced the amounts of abnormal mitochondria, as indicated by decreased reactive 
oxygen species levels, mitochondrial DNA / nuclear DNA ratios, and cytoplasmic 
acidification. Therefore, together with previous studies showing that impaired mi-
tochondrial function triggers compensatory mitochondrial biogenesis that causes an 
increase in the amounts of mitochondria, we conclude that, in oncocytic cell tumors 
of the thyroid, increased abnormal mitochondria cannot be efficiently eliminated 
because of a loss of MIEAP expression, ie impaired MIEAP-mediated noncanonical 
mitophagy.
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1  | INTRODUC TION

Thyroid oncocytic cell tumors (also called oxyphilic, eosinophilic, or 
Hürthle cell tumors) are characterized by the presence of at least 
75% oncocytic cells that contain excessive accumulation of abnor-
mally enlarged mitochondria.1 Although the WHO classification of 
thyroid tumor currently classifies thyroid oxyphilic cell tumors as an 
oncocytic variant FA and FTC,2 they can also be identified in PTCs.3 
Recent genetic/genomic studies have revealed that oncocytic cell 
carcinomas have distinct genomic alterations as compared with 
other forms of thyroid cancers.1 For example, for nDNA mutations, 
among genetic mutations that are frequently found in non-oncolytic 
thyroid papillary and follicular cancers (PTC and FTC), oncocytic 
cell carcinomas have RAS mutations at a lower frequency (10-15%) 
as compared to FTC, but no BRAF mutations, RET/PTC rearrange-
ments, or Pax8-PPARγ rearrangements. Nevertheless, approxi-
mately 55% of mutations were on RAS/RAF/MAPK and PI3K/AKT/
mTOR pathways.2,4 Chromosome number alterations are more com-
mon, loss of heterozygosity across many chromosomes often with 
genome-wide haploidization, also concomitant with amplification of 
chromosomes 5, 7, and 12 which contain BRAF and RAS genes.2,4-7 
Unique, potential driver mutations such as ERBB2, NF1, and DAXX, 
have also been determined.4,7 For mtDNA mutations, importantly, 
the mutations in complex I of the electron transport chain have been 
identified.4,7,8 A phylogenic study indicated that near-haploid states 
and mtDNA mutations are early events in oncocytic cell carcinogen-
esis.7 Furthermore, transcriptomic analyses have shown that dis-
tinct gene and microRNA expression profiles are observed between 
oncocytic cell carcinomas and conventional differentiated thyroid 
carcinomas.2,4,5,7,9 Thus it is generally recognized that oncocytic cell 
tumors represent a distinct class of thyroid tumor at the genetic/
genomic levels. Clinically, oncocytic cell carcinomas rarely take up 
radioiodine, preferentially metastasize to the lymph nodes, and have 
a greater propensity for malignant transformation to anaplastic thy-
roid cancers than other types of thyroid cancers, with their overall 
mortality/morbidity rates being higher in some1,10 but not in other 
reports.11,12

Despite the aforementioned extensive studies, the molecular 
mechanism(s) for accumulation of abnormal mitochondria remain to 
be elucidated. Lee and his colleagues have recently identified a loss 
of function mutation in the PARK2 gene (V380L) in an oncocytic cell 
carcinoma line XTC.UC1, causing defective canonical mitophagy, a 
selective degradation pathway of mitochondria by autophagy, but 
the same mutation has existed only in 1 of 7 oncocytic cell carcino-
mas.13 Also mutations in the molecules involved in mitophagy, such 
as PARK2 and PINK,14 have not been identified in the exosome se-
quencing analyses of a large series of oncocytic cell carcinomas.4,7

Recently, another noncanonical mitophagy system has been 
identified, in which MIEAP plays a key role.15,16 Mitochondria-eating 
protein is thought to be a tumor suppressor17 and its expression has 
been reported to be suppressed by methylation of its 5′-UTR in 9% 
of colon cancers and 13% of breast cancers.18,19 However, the role 
of MIEAP in the pathogenesis of thyroid oncocytic cell tumors has 

not yet been studied. We therefore postulated that accumulation of 
abnormal mitochondria could be attributed to defective MIEAP ex-
pression in thyroid oncocytic cell tumors. We first examined expres-
sion of MIEAP protein and methylation of the MIEAP gene in thyroid 
conventional and oncocytic cell tumors and cancer cell lines, includ-
ing XTC.UC1 cells, and then evaluated the functional significance 
of induction of MIEAP expression on phenotype of XTC.UC1 cells.

2  | MATERIAL S AND METHODS

2.1 | Human thyroid tissues

A total of 95 surgically resected, FFPE thyroid tumors including 38 
oncocytic-type tumors (33 FAs), 5 AGs, 1 FTC, and 2 PTCs) and 54 
conventional-type tumors (38 FAs and 16 PTCs) were used in this 
study. The diagnoses of all patients were histologically confirmed 
by pathologists specializing in thyroid oncology (ZM, MI, and MN). 
This study was retrospectively carried out in accordance with the 
tenets of the Declaration of Helsinki and approved by the institu-
tional ethical committee for medical research at Nagasaki University 
Graduate School of Biomedical Sciences (protocol no. 15062617). 
Following the guidelines of the ethical committee’s official informed 
consent and disclosure system, detailed information regarding the 
study is available on our website (http://www-sdc.med.nagas aki-u.
ac.jp/pathology/research/index.html) in Japanese. Patients were 
able to opt out of the study by following the instructions on the 
faculty website. All samples were resected from patients at the 
Nagasaki University Hospital from 1994 to 2012 or the Nagasaki 
Medical Center from 2010 to 2012.

2.2 | Hematoxylin-eosin staining and IHC for 
MIEAP expression in human thyroid tissues

Hematoxylin-eosin staining was carried out as described pre-
viously.20 For IHC, after antigen retrieval by autoclaving for 
20 minutes at 120°C in Target Retrieval Solution (pH 9.0) (Dako 
Cytomation), deparaffinized 4-μm sections were processed with a 
BOND Polymer Refine Kit (Leica Biosystems), according to the man-
ufacturer’s instruction, and were incubated for 2 hours at 37°C with 
an anti-MIEAP rabbit polyclonal Ab (HPA036854, 1:100 dilution; 
Sigma-Aldrich) in a humidified chamber. All samples were observed 
at a magnification of ×200. Samples with clear staining for MIEAP in 
the cytoplasm were considered MIEAP-positive.

2.3 | Methylation-specific PCR and 
bisulfite sequencing

Genomic DNA was extracted from tumor areas in FFPE tissues ob-
tained between 2011 and 2012. Tumor areas, identified using a guide 
slide stained with H&E, were microdissected from each FFPE block 
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using an 8-μm-thick section and transferred into a tube. Paraffin re-
moval was carried out in 80% xylene; tissues were then washed twice 
with absolute ethanol, and deparaffinized tissue pieces were centri-
fuged at 15 000 g for 10 minutes at room temperature. Genomic DNA 
was extracted using a Maxwell RSC DNA FFPE Kit (Promega) according 
to the manufacturer’s instruction. Extracted DNA was quantified using 
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies).

Methylation-specific PCR and bisulfite sequencing were un-
dertaken according to previous reports.16,18 The MethylEdge 
Bisulfite Conversion System Kit (Promega) was used to undertake 
bisulfite conversion of genomic DNA as described in the user’s 
manual. Commercially available converted methylated and unmet-
hylated human DNAs (Promega) were used as positive and nega-
tive controls, respectively, for MSP. Bisulfite converted genomic 
DNA was amplified using the primers specific to the methylated 
and unmethylated forms of DNA sequences. The primers used 
for MSP are 5′-GCGCGTTTTTGGTAGTTAATTC-3′ (forward) and 
5′-CAAATTTTCCGCCATCGCTC-3′ (reverse) for methylated se-
quence, and 5′-GTGTGTGTTTTTGGTAGTTAATTTG-3′ (forward) 
and 5′-CAAATTTTCCACCATCACTCAC-3′ (reverse) for unmethyl-
ated sequence. The MSP reaction was carried out using an EpiTect 
MSP Kit and Master Mix for MSP (Qiagen) in the following conditions: 
1 cycle at 95°C for 2 minutes, 45 cycles at 95°C for 30 seconds, 53°C 
for 30 seconds and 72°C for 1 minute, and a final extension step at 
72°C for 10 minutes. The PCR products were visualized on 1.5% aga-
rose gels stained with ethidium bromide. Bisulfite sequencing was 
carried out with the forward and reverse primers mentioned above 
with an ABI PRISM 3730 genetic analyzer (Applied Biosystems, Life 
Technologies) and repeated in total 4 times to confirm results.

2.4 | Cell lines used

An oncocytic carcinoma cell line of the thyroid, XTC.UC1, was es-
tablished from a metastasis of an oncocytic cell carcinoma in 1998 
by Zielke et al,10 and was obtained from Porcelli AM (University of 
Bologna, Italy).21 Conventional, differentiated thyroid cancer cell 
lines (WRO [derived from a follicular thyroid cancer], and TPC1 and 
KTC1 [derived from papillary thyroid cancers]) were previously ob-
tained from Fagin JA (Memorial Sloan-Kettering Cancer Center).22 
All the cell lines have wt p53.23-25 A human hepatocellular carcinoma 
cell line HepG2 was obtained from RIKEN BioResource Research 
Center. The cells were cultured in DMEM supplemented with 10% 
FBS and 1% antibiotics.

X-ray was given as a single dose of 10 Gy at a dose rate of 
0.8903 Gy/minute using the ISOVOLT Titan 320 (GE Inspection).

2.5 | Transduction of MIEAP and PARK2 cDNAs 
into XTC.UC1 cells

MIEAP and PARK2 cDNAs were obtained from RIKEN BioResource 
Research Center. PARK2 cDNA in frame with the V5 epitope tag was 

generated by using KOD-Plus-Mutagenesis Kit (TOYOBO) and was 
then ligated into the retroviral vector pMSCVneo (Takara-Clontech). 
MIEAP cDNA was ligated into pMSCVpuro (Takara-Clontech). The 
resultant vectors pMSCV-PARK2 and pMSCV-MIEAP were trans-
fected into a 293GPG packaging cell line.26 XTC.UC1 cells were 
infected with the virus-containing supernatants in the presence of 
8 μg/mL polybrene. The infected cells were then selected with G418 
and puromycin for PARK2 and MIEAP, respectively, and the bulks of 
antibiotic-resistant cells were used in the subsequent experiments.

2.6 | Immunofluorescence (IF) for MIEAP, 
PARK2, and TOMM20 expression in XTC.UC1 and 
HepG2 cells

The cells were fixed with 3.7% formaldehyde for 10 minutes fol-
lowed by permeabilization with 0.5% Triton-X and then were incu-
bated with a primary Ab at 4°C overnight. The primary Abs used 
were rabbit polyclonal anti-MIEAP (HPA036854; 1:100 dilution), 
rabbit polyclonal anti-PARK2 (HPA036012, 1:25 dilution; Merck), or 
mouse monoclonal anti-TOMM20 (ab56783, 1:250 dilution; Abcam). 
Next day, the cells were washed with TBS-T and were incubated 
with a secondary Ab for 1 hour at room temperature. Secondary 
Abs used were Alexa Fluor 488 goat anti-rabbit IgG (A-11001, 1:200 
dilution; Life Technologies) for anti-MIEAP and anti-PARK2 and 
Alexa Fluor 594 goat anti-mouse IgG (A-11012, 1:200 dilution; Life 
Technologies). The cells were washed with TBS-T, and were embed-
ded with VECTASHIELD Mounting Medium containing DAPI (Vector 
Laboratories). The slides were analyzed using an All-in-One BZ-9000 
Fluorescence Microscope (Keyence).

2.7 | Western blot analysis

Forty micrograms of total cell lysates prepared from XTC.UC1, 
XTC.UC1/MIEAP, and XTC.UC1/PARK2 cells was separated in 
a gradient SDS-PAGE, and then transferred onto a PVDF mem-
brane. The membrane was blocked with 5% skim milk at 4°C over-
night, washed with TBS-T and were incubated with a primary Ab 
for 1 hour at room temperature. Primary Abs used were rabbit 
polyclonal anti-MIEAP (HPA036854; 1:100 dilution), rabbit mono-
clonal V5-Tag (D3H8Q) (#13202S, 1:1000 dilution; Cell Signaling 
Technology) and monoclonal mouse anti-β-actin Ab (sc-47778, 
1:1000 dilution; Santa Cruz Biotechnology). The membrane 
was washed with TBS-T, and incubated with a secondary Ab for 
30 minutes at room temperature. The secondary Abs used were 
polyclonal goat anti-rabbit IgG conjugated with HRP (#7074, 
1:1000 dilution; Cell Signaling Technology) and polyclonal horse 
anti-mouse IgG conjugated with HRP (#7076, 1:1000 dilution; Cell 
Signaling Technology). Signals were developed using Pierce ECL 
western blotting substrate (Thermo Fisher Scientific) and were 
then quantified with a FluorChem FC3 sensitive chemiluminescent 
imaging system (Protein Simple).
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2.8 | Reactive oxygen species (superoxide) 
measurements

Cells (1 × 104) were seeded in a 96-well plate and were incubated for 
24 hours at 37°C. After washing with PBS, the cells were incubated 
with 5 μM MitoSOX (Thermo Fisher Scientific) for 30 minutes at 37°C 
and were washed again with PBS. The plates were then read with 
2030 Multilabel Plate Reader ARVO X3 (PerkinElmer) at excitation 
and emission wavelengths of 510 (excitation) and 590 (emission) nm.

2.9 | Determination of mtDNA to nDNA ratios

Total DNA was extracted from the parental XTC.UC1, XTC.
UC1/MIEAP, and XTC.UC1/PARK2 cells using DNeasy Blood 
& Tissue Kit (Qiagen). Quantitative PCR according to the ΔΔCt 
method was carried out as described previously.27,28 12S rDNA 
encoded by mtDNA and β-actin encoded by nDNA were quanti-
fied, and the mtDNA / nDNA ratio was used to estimate the rela-
tive mtDNA copy number, ie the relative amounts of mitochondria. 
12Sr DNA primers are 5′-TAACCCAAGTCAATAGAAGCC-3′ 
and 5′-CTAGAGGGATATGAAGCACC-3′, and human β-actin 
primers are 5′-GAGCGGGAAATCGTGCGTGAC-3′ and 
5′-GGAAGGAAGGCTGGAAGAGTG-3′.

2.10 | Cell viability assay

Cells (1 × 103) were seeded in a 96-well plate, and were incubated 
at 37°C. Cell viability was then measured 24 and 72 hours later with 
CCK-8 (Dojindo) in accordance with the manufacturer’s protocol.

2.11 | In vivo tumor model

The cell suspension (1 × 106 cells/ 100 μL PBS) was injected s.c. into 
6-week-old male BALB/c nu/nu mice (Charles River Japan). Tumor 
size was measured with a caliper once a week, and tumor volume 
was calculated according to the formula: a2 × b × 0.4, where a is the 

smallest tumor diameter and b is the diameter perpendicular to a. 
Mice were killed when b reached approximately 1 cm.

2.12 | Hematoxylin-eosin and immunofluorescence 
for Ki-67 and TUNEL staining in XTC.UC1 and XTC.
UC1/MIEAP tumors

XTC.UC1 and XTC.UC1/MIEAP tumors were excised and fixed in 10% 
neutral-buffered formalin and embedded in paraffin. Staining with H&E 
was carried out as mentioned above. For Ki-67 staining, 4-μm sections 
were treated with 3% hydrogen peroxide to block endogenous peroxi-
dase and subjected to antigen retrieval by microwave treatment in cit-
rate buffer, followed by incubation with rabbit polyclonal anti-Ki-67 Ab 
(ab66155, 1:200 dilution; Abcam) and then with Alexa Fluor 488-con-
jugated goat polyclonal anti-rabbit IgG (A-11008, 1:200 dilution; 
Life Technologies). The slides were then analyzed with an All-in-one 
Fluorescence Microscope BZ-9000 (Keyence). One hundred cells were 
evaluated to determine the percentage of Ki67-positive cells (n = 4).

The TUNEL staining was carried out with the Apop-tag Fluorescein 
Direct in situ apoptosis detection kit (Merck Millipore). The slides were 
embedded with VECTASHIELD Mounting Medium containing DAPI 
(Vector Laboratories) and analyzed using an All-in-One BZ-9000 fluo-
rescence microscope. One hundred cells were evaluated in each sam-
ple (n = 4) to determine the percentages of TUNEL-positive cells.

2.13 | Statistical analysis

All data were analyzed by Student’s t test. A P value of less than .05 
was considered statistically significant.

3  | RESULTS

3.1 | Immunohistochemistry for MIEAP expression

The results of IHC analysis of MIEAP expression in thyroid tumors 
are summarized in Table 1, and the representative photographs are 

MIEAP expression† 

# of samples 
studied Negative Low Moderate High

Conventional FA/AGs 38 0 (0) 0 (0) 6 (16) 32 
(84)

Oncocytic FA/AGs 38 29 (76) 9 (24) 0 (0) 0 (0)

Conventional PTCs 16 13 (81) 1 (6) 2 (13) 0 (0)

Oncocytic PTC/FTCs 3 3 (100) (0) 0 (0) 0 (0)

AG, adenomatous goiter; FA, follicular adenoma; FTC, follicular thyroid cancer; PTC, papillary 
thyroid cancer.
†Data shown as n (%). 

TA B L E  1   Mitochondria-eating protein 
(MIEAP) expression determined by 
immunohistochemistry in conventional 
and oncocytic thyroid follicular tumors
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depicted in Figure 1. All conventional FAs and AGs (38/38, 100%) 
were positive (moderate to high), whereas oncocytic tumors (38/38, 
100%) were negative or only weakly positive, for MIEAP expres-
sion. However, MIEAP expression was defective not only in 3 of 3 
(100%) oncocytic carcinomas but also in 13 of 16 (81%) conventional 
carcinomas. Most normal follicular epithelia were MIEAP-positive, 
although expression was heterogeneous. In cell lines, MIEAP immu-
noreactivity was found in HepG2 (used as a positive control) but not 
in any thyroid cancer cell lines, including oncocytic carcinoma cell 
line XTC.UC1 (Figure 1). Thus, the data obtained with benign thyroid 
FAs/AGs, but not cancers, support our hypothesis.

3.2 | Methylation status of 5′-UTR of MIEAP 

Expression of MIEAP is TP53-dependent16 and suppressed by gene 
methylation in several cancers with intact TP53.16 As TP53 is largely 
intact in differentiated thyroid cancers,29 methylation status of the 
5′-UTR of the MIEAP gene was analyzed by MSP and was verified by 
bisulfite sequencing. We focused on approximately 300 bp of the 

5′-UTR of the MIEAP gene, because a clear correlation between the 
methylation status of this region and MIEAP expression has been 
reported in colon and breast cancers.18,19 CpG sites and locations 
of MSP primers are shown in Figure S1. The FFPE samples that met 
the DNA quality standard were used for these experiments (20 
conventional and 14 oncocytic FAs). The DNA quality standard was 
provided in the protocol for the MethylEdge Bisulfite Conversion 
System (Promega), in which the NanoDrop spectrophotometer was 
set to “DNA-50” for DNA extracted from FFPE and to “RNA-40” 
for bisulfite-converted DNA. In MSP, unexpectedly, the methylated 
DNAs were detected in approximately half of both conventional and 
oncocytic FAs (8/20 [40%] and 6/14 [43%], respectively) (Table 2). 
The representative data (3 samples for each group) are shown in 
Figure S2A (right panel). Furthermore, the direct sequencing with 
bisulfite genomic DNA confirmed the methylated CpG sites in each 
case (Figure S2A, black boxes). Thus, defective expression of MIEAP 
in oncocytic FAs cannot be explained by the methylation status of 
the MIEAP gene. However, of interest, careful comparison of the 
methylation status in the MIEAP gene and pathological features 
in oncocytic FAs revealed that oncocytic FAs with the methylated 

F I G U R E  1   Hematoxylin-eosin staining and immunohistochemistry (IHC) for mitochondria-eating protein (MIEAP) expression in thyroid 
tissues, and immunofluorescence (IF) for MIEAP in thyroid cancer cell lines and HepG2 cells. Human thyroid tissues and cell lines were 
subjected to H&E staining and/or MIEAP IHC/IF staining. Representative photographs of H&E and MIEAP staining in normal tissue, 
conventional and oncocytic follicular adenomas and carcinomas, and cell lines. The photographs of MIEAP expression in tumorous and 
normal regions were taken from the same samples (A). Original magnifications, ×200 (A) and ×400 (B)
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MIEAP gene have more enlarged cytoplasm and characteristic nu-
clear features such as higher nucleic polymorphism, more prominent 
nuclei, and more frequent pyknotic nuclei (ie prominent oncocytic 
features) than those with the unmethylated gene (Figure S3).

The MIEAP gene was heavily methylated in oncocytic XTC.UC1 
cells, as determined by MSP and bisulfide sequencing, and also con-
ventional cancer cell lines by MSP (Figure S2B). In contrast, unmeth-
ylated status has previously been reported in HepG2 cells.16

3.3 | Effect of reexpression of MIEAP and PARK2 in 
XTC.UC1 cells

Next, mechanistic studies on the functional role for MIEAP-mediated 
mitochondrial quality control in oncocytic cell tumors were under-
taken with XTC.UC1 cells, because these cells are the only available 
oncocytic tumor cell line. Because these cells not only have defec-
tive MIEAP expression, as shown in Figure 1, but also harbor a loss-
of-function mutant PARK2,13 we tried to express MIEAP and PARK2 
in XTC.UC1 cells. Our first attempt to demethylate the MIEAP 
gene with 5-azacytidine, a demethylating agent, failed (Figure S4). 
Therefore, the MIEAP and PARK2-V5 genes were retrovirally trans-
duced into XTC.UC1 cells. Western blot analysis clearly detected ex-
pression of MIEAP with anti-MIEAP Ab (61.1 kDa) and of V5-tagged 
PARK2 (53.0 kDa; 51.6 kDa PARK2 + 1.4 kDa V5 epitope) with 
anti-V5 Ab in the cells transduced with MIEAP and PARK2 cDNAs, 
respectively (hereafter XTC.UC1/MIEAP and MIEAP/PARK2 cells) 
(Figure 2A,C). Immunohistochemistry indicated that MIEAP and 
PARK2 expression was colocalized with TOMM20, a mitochondrial 
outer membrane protein (Figure 2B,D), indicating that these mole-
cules were recruited to mitochondria, exerting their roles in canoni-
cal and noncanonical mitophagy.

To determine whether MIEAP and PARK expressed in XTC.
UC1 cells participate in mitochondrial quality control by eliminating 
abnormal mitochondria, the amounts of mitochondria and of mito-
chondrial ROS (superoxide) were determined with mtDNA / nDNA 
ratios and MitoSOX staining, respectively, and were then compared 
among the parental XTC.UC1, XTC.UC1/MIEAP, and XTC.UC1/
PARK2 cells. As shown in Figure 2E,F, introduction of MIEAP sig-
nificantly reduced ROS levels and mtDNA / nDNA ratios, that is, 
MIEAP reduced the amounts of abnormal mitochondria producing 
excess ROS. Introduction of PARK2 is less efficient, showing only 
insignificant reduction of the amounts of mitochondria. In addition, 
to determine whether MIEAP reexpression changes the H&E stain-
ing pattern, the parental XTC.UC1 and XTC.UC1/MIEAP cells were 

inoculated s.c. into nude mice. We first found that MIEAP reex-
pression significantly reduced in vitro cell growth and in vivo tumor 
growth of XTC.UC1/MIEAP cells as compared with the parental cells 
(Figure 3A, B). Simultaneous H&E staining clearly showed that eosin-
ophilic cytoplasm of XTC.UC1 tumors faded away by MIEAP reex-
pression as compared with XTC.UC1 tumors (Figure 3C). Ki-67 and 
TUNEL staining (shown in Figure 3D) indicates that reduced in vivo 
tumor growth was due to higher apoptotic cell death, not lower pro-
liferative rate, of XTC.UC1/MIEAP tumors as compared with XTC.
UC1 tumors.

4  | DISCUSSION

MIEAP, also known as spermatogenesis associated 18 (SPATA18) in 
humans, was originally identified as a TP53-inducing molecule.16,30 
Its expression is suppressed by methylation of the 5′-UTR of the 
MIEAP gene or TP53 loss-of-function mutations in colorectal and 
breast cancers.16,18,19 Although MIEAP expression status is not cor-
related with clinicopathologic parameters in colorectal cancers,18 
it is positively associated with aggressiveness, and negatively with 
disease-free survival in breast cancers.19 Functionally, MIEAP plays 
a role in mitochondrial quality control, and thus its defective ex-
pression causes accumulation of unhealthy mitochondria and ele-
vated ROS levels.31 Mitochondria-eating protein exerts its function 
by either repairing or eliminating unhealthy mitochondria through 
the mechanisms of “MIEAP-induced accumulation of lysosome-like 
organelles within mitochondria” (fixing unhealthy mitochondria 
by removing oxidized mitochondrial proteins) or “MIEAP-induced 
vacuole” (eliminating abnormal mitochondria), respectively.16,32 
Although MIEAP KO mice are healthy, defective MIEAP expres-
sion accelerated and aggravated intestinal tumors and shortened 
lifespan in ApcMin/+ mice.17 Furthermore, abrogation of MIEAP ex-
pression enhanced the migratory and invasive ability of a colorectal 
cancer cell line in hypoxic conditions (another inducer of MIEAP).18 
Forced overexpression of exogenous MIEAP induced MIEAP-
induced vacuole and apoptotic cell death in some breast cancer 
cell lines,19 and a MIEAP-nonexpressing gastric cancer cell line 
produced more ROS and was more invasive in hypoxic conditions 
than a MIEAP-expressing one.33 By contrast, it is also reported that 
MIEAP participates in the hypoxic process of voltage-dependent 
anion-selective channel 1 and chemoresistance.34

In this study, we sought to prove our hypothesis that accu-
mulation of abnormal mitochondria could be attributed to de-
fective MIEAP expression in thyroid oncocytic cell tumors. Our 
IHC analyses of MIEAP expression clearly indicates that MIEAP 
expression is absent exclusively in oncocytic, not in conventional, 
benign FAs/AGs. However, although defective MIEAP expression 
is solely due to the MIEAP gene methylation in colorectal and 
breast cancers with intact TP53,18,19 we found no correlation be-
tween MIEAP expression and the MIEAP gene methylation status 
in conventional and oncocytic FAs/AGs. Thus, expression levels 
of MIEAP cannot simply be explained by the gene methylation 

TA B L E  2   Methylation patterns of MIEAP gene in conventional 
and oncocytic thyroid follicular adenomas (FAs)

Gene methylation

Unmethylated Methylated

Oncocytic FAs 8/14 (57%) 6/14 (43%)

Conventional FAs 12/20 (60%) 8/20 (40%)
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status in thyroid tumors. Recent methylome studies have revealed 
that DNA methylation in promoter regions does not have a wide-
spread role in controlling gene expression in PTCs.35 However, of 
interest, as shown in Table 2 and Figure S3, the methylation of 
the MIEAP gene was detected in oncocytic FAs with prominent 
oncocytic features, not in those without. There could be 2 possi-
bilities to explain these data. The first is that the mechanisms for 
MIEAP suppression are different between these 2 subgroups, ie 
suppression is methylation-dependent in the former but methyl-
ation-independent in the latter. The second is that, assuming that 

the latter gradually progresses to the former, MIEAP expression 
is suppressed by nonmethylation mechanism(s) in the latter and 
then, during progression, methylation occurs in the MIEAP gene 
of the former; in this regard, methylation is functionally irrelevant.

In contrast to benign FAs/AGs, the difference in MIEAP expres-
sion status was not observed between conventional vs oncocytic 
carcinomas. Although only a very small number of oncocytic carci-
nomas was available, which is a limitation of this study, an important 
finding is defective MIEAP expression, even in more than 80% of 
conventional PTCs.

F I G U R E  2   Expression and localization 
of mitochondria-eating protein (MIEAP) 
and PARK2, the amounts of mitochondria 
and ROS in parental and MIEAP or 
PARK2-expressing XTC.UC1 cells. A, 
C, MIEAP and PARK2-V5 cDNAs were 
retrovirally transduced into XTC.UC1 
cells and their expression was confirmed 
in WB. B, D, Colocalization of MIEAP or 
PARK2 and mitochondria was evaluated 
by staining with anti-MIEAP, -PARK2, 
and -TOMM20 Abs, and DAPI. E, F, 
Amounts of mitochondria and reactive 
oxygen species levels were determined 
with mitochondrial DNA (mtDNA) / 
nuclear DNA (nDNA) ratios and MitoSOX, 
respectively. Data are means ± SD (n = 4). 
*P < .05 compared to control. Original 
magnifications, ×400 (B)
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Functional studies on the significance of mitochondrial quality 
control in mitochondrial turnover were then carried out with XTC.UC1 
cells. In this cell line, defective mitochondrial function has long been 
described,36 and homoplastic mtDNA mutations (a frameshift mutation 
of ND1 [a C insertion at bp3571, generating a premature stop codon at 
a.a. 101 in the ND1 subunit of complex I and a truncated ND1 protein] 
and a nonconservative E271K substitution [due to 15557G > A] in the 
cytochrome b gene) have previously been detected.21,37 More recently, 
Shong and his colleagues have identified a loss of function mutation in 
the PARK2 gene, a critical molecule for canonical mitophagy, in this cell 
line.13 This mutation has been detected in familial Parkinson’s disease. 
In our studies, reexpression of MIEAP efficiently eliminated abnormal 
mitochondria, as indicated by reduced ROS and mtDNA / nDNA ratios 
in vitro and reduced eosinophilic staining in vivo, whereas the effect 
of PARK2 was insignificant. Thus, these data support our hypothesis 
that MIEAP plays a significant role in mitochondrial quality control in 
oncocytic tumor cells. However, Shong et al13 have recently reported 
the significant acceleration of mitochondrial turnover by PARK2 ex-
pression in XTC.UC1 cells. Although the reason for these inconsis-
tent data is at present unknown, endogenous PARK2 is constitutively 

expressed in a physiological condition, whereas MIEAP expression is 
low at the basal level and is induced by TP53. Our XTC.UC1/MIEAP 
cells expressed high levels of exogenous MIEAP constitutively. Thus, 
we do not want to emphasize our data showing the higher efficacy 
of mitochondrial turnover by MIEAP than PARK2 in our experimen-
tal setting. Presumably both types of mitophagy (canonical and non-
canonical) more or less similarly contribute to efficient mitochondrial 
turnover. In fact, induction of the oncocytic phenotype by Atg5 or 
Atg7 KO (inducing defective canonical mitophagy) has been reported 
in mouse lung tumor models using LSL-K-rasG12D or BrafCA mice treated 
intranasally with adenoviral Cre DNA recombinase.38-40 In contrast, 
canonical mitophagy is a very rapid process and is completed within 
a few hours, whereas MIEAP-mediated non-canonical mitochondrial 
quality control is a slow process and continues for days.15 As oncocytic 
tumor cells continuously produce abnormal mitochondria, it is possible 
that MIEAP-mediated noncanonical mitophagy is more important than 
PARK2-mediated canonical mitophagy for turnover of persistently pro-
duced abnormal mitochondria.

Finally, together with previous studies showing that impaired 
mitochondrial function triggers compensatory mitochondrial 

F I G U R E  3   In vivo and in vitro growth 
of parental XTC.UC1 and XTC.UC1/
MIEAP cells, and H&E staining of XTC.
UC1 and XTC.UC1/mitochondria-eating 
protein (MIEAP) tumors. A, B, In vitro and 
in vivo growth of cells were determined. 
Closed circles and squares indicate the 
data obtained with XTC.UC1 and XTC.
UC1/MIEAP cells, respectively. Data are 
means ± SE (n = 3-4). *P < .05 compared to 
parental cells. C, H&E staining of tumors 
formed in (B). Original magnification, 
×100. D, Number of Ki67-positive cells 
and TUNEL-positive cells in tumors 
formed in (A). *P < .05. NS, not significant
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biogenesis that causes the accumulation of mitochondria,13,41 we 
would like to conclude that, in oncocytic cell tumors of the thyroid, 
increased abnormal mitochondria cannot efficiently be eliminated 
because of a loss of MIEAP expression, ie a defect in MIEAP-
mediated noncanonical mitophagy. However, further study will 
definitely be necessary to elucidate the mechanism for suppres-
sion of MIEAP expression other than gene methylation and also 
the relevance of defective MIEAP expression in conventional can-
cers with intact mitochondria.
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