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Abstract

Endometrial carcinoma (EC) is the most common gynecological cancer. However, there is
currently no routinely used biomarker for differential diagnosis of malignant and premalig-
nant endometrial lesions. Ten-eleven translocation (TET) proteins, especially TET1, were
found to play a significant role in DNA demethylation, via conversion of 5-methylcytosine (5-
mC) to 5-hydroxymethylcytosine (5-hmC). TET1, 5-mC, and 5-hmC expression profiles in
endometrial carcinogenesis are currently unclear. We conducted a hospital-based retro-
spective review of the immunohistochemical expression of TET1, 5-mC, and 5-hmC in 181
endometrial samples. A “high” TET1 and 5-hmC expression score was observed in all cases
of normal endometrium (100.0% and 100.0%, respectively) and in most samples of endo-
metrial hyperplasia without atypia (90.9% and 78.8%, respectively) and atypical hyperplasia
(90.6% and 93.8%, respectively), but a “high” score was found in only less than half of the
EC samples (48.8% and 46.5%, respectively). The TET1 and 5-hmC expression scores
were significantly higher in normal endometrium and premalignant endometrial lesions than
in ECs (p < 0.001). A “high” 5-mC expression score was observed more frequently for ECs
(81.4%) than for normal endometrium (40.0%), endometrial hyperplasia without atypia
(51.5%), and atypical hyperplasia (53.1%) (p < 0.001). We also found that TET1 mRNA
expression was lower in ECs compared to normal tissues (p = 0.0037). TET1 immunohis-
tochemistry (IHC) scores were highly proportional to the TET1 mRNA levels and we sum-
marize that the TET1 IHC scoring can be used for biomarker determinations. Most
importantly, a higher TET1 score in EC cases was associated with a good overall survival
(OS) rate, with a hazard ratio (HR) of 0.31 for death (95% confidence interval: 0.11-0.84).
Our findings suggest that TET1, 5-mC, and 5-hmC expression is a potential histopathology
biomarker for the differential diagnosis of malignant and premalignant endometrial lesions.
TET1 is also a potential prognostic marker for EC.
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Introduction

In the United States and most developed countries, EC is the most common gynecological
malignancy, and its incidence is increasing. ECs have long been divided into two categories:
type I and type II. The estrogen-dependent type I EC includes nuclear grade 1 (G1) and grade
2 (G2) endometrioid adenocarcinoma (EmAC). The less common, clinically aggressive estro-
gen-independent type II EC includes nuclear grade 3 (G3) EmAGC, serous carcinoma (SC), and
clear cell carcinoma (CC) [1-3]. Although most type I EmAC cases are diagnosed at an early
stage, cases diagnosed at advanced stages usually present a poor survival rate. Hence, it is
essential to identify EC at an early stage. However, there is no reliable biomarker that can be
used to successfully distinguish between malignant and premalignant endometrial lesions [4].
Therefore, identification of biomarkers to improve the diagnosis is urgently required.

DNA methylation and demethylation play essential roles in modulating chromosome struc-
ture and regulating specific gene expression or repression during cell differentiation [5]. DNA
methyltransferases are the main enzymes promoting DNA methylation [6]. Recent research
has revealed extensive epigenetic modifications that are involved in endometrial carcinogene-
sis and this provides a window of opportunity for improved therapy [7,8]. Ten-eleven translo-
cation enzymes (TET1, TET2, and TET3) constitute a family of dioxygenase, which can
catalyze conversion of 5-mC to 5-hmC by oxidation, and they play a key role in DNA demeth-
ylation [9-12]. Altered expression of TET1 affects the balance between DNA methylation and
demethylation and is associated with the onset and progression of several types of cancer.
TET1 was first discovered in patients with a rare variant of t(10;11)(q22;q23) acute myeloid
leukemia, and the gene is located on chromosome 10q21.3 [13]. TET1 is generally considered
a tumor suppressor, while it is often down-regulated in multiple malignancies including
breast, hepatic, pancreatic, gastric, and prostate cancers [5,14-17], but it has also been reported
as a potential oncogene that contributes to aberrant hypomethylation in cancer [18]. Aberrant
DNA methylation in EC has been widely studied in recent years [19], but the relationship
between TET1, 5-mC, 5-hmC, and EC is still rarely reported [20]. The aim of this study was to
investigate the TET1, 5-mC, and 5-hmC immunohistochemical expression patterns in differ-
ent endometrial lesions in relation to clinicopathological characteristics of EC. To our knowl-
edge, this study is the first to assess the usefulness of immunohistochemical evaluation of
TET1, 5-mC, and 5-hmC as biomarkers for the differential diagnosis of normal endometrium,
premalignant endometrial lesions, and EC. The prognostic significance of TET1 expression for
OS was also established.

Materials and methods

Tissue microarray

Tissues from Chinese patients, embedded in paraffin wax, were retrospectively retrieved from
the Pathology Department at Tri-Service General Hospital. All tissue microarray slides were
prepared following the method according to the article by Hidalgo A in 2003 as the following
steps. We used the 16G needle to punch paraffin wax cylinders (3 x 3 mm) on a paraffin wax
block (2.5 x 2.5 cm). And then we used the 16G needle to obtain tissue cylinders, which were
injected into the blank paraffin wax block. We used tissues derived from premalignant endo-
metrial lesions and malignant ECs for tissue microarray construction. Once the tissue micro-
array was completed, we poured over a small amount of hot liquid paraffin wax over the tissue
microarray surface and leveled the tissue cylinders with the block using a glass slide. The tissue
microarray was incubated on the slide at 60° C for 15 minutes to blend together the paraffin
wax from the blank block and the tissue cylinders. After incubation, the tissue microarray was
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chilled on ice and 5 pm sections were obtained using a rotatory microtome. Tissue microarray
sections were mounted on sylanised slides and incubated overnight at 40°C [21]. We collected
normal endometrium and endometrial hyperplasia (EH) specimens that obtained via biopsy
and the main tumor part for EC in biopsies or hysterectomy samples. The diagnostic criteria
was based on the 2020 classification of EH from the World Health Organization [22] and the
2018 International Federation of Gynecology and Obstetrics (FIGO) staging system classifica-
tions [23]. All the selected samples were obtained with written informed consent, and our
study was approved by the Institutional Review Board of Tri-Service General Hospital
(TSGHIRB No.:2-103-05-144 and 2-104-05-022). The tissue microarray consisted of 181 sam-
ples: 30 samples of normal endometrium, 33 of EH without atypia, 32 of atypical hyperplasia
(AH), and 86 of EC, including 72 cases of EmAC, nine of SC, four of CC, and one case of
mucinous carcinoma (MC). After tissue confirmation, all these cases were subjected to surgical
hysterectomy. We classified the EC cases into type I tumors consisting of endometrioid histol-
ogy, including grades 1 and 2, and type II tumors consisting of grade 3 endometrioid tumors
or other nonendometrioid histology such as clear cell, mucinous, and serous for further
evaluation.

Immunohistochemistry staining

Immunohistochemistry was carried out obtained from the tissue microarray slides using anti-
TET1 antibody (1:100; Abcam, Burlingame, CA, USA), anti-5mC antibody (1:1000; Abcam),
and anti-5hmC antibody (1:100; Abcam) diluted in phosphate-buffered solution. The sections
were incubated with horseradish peroxidase-labeled antibody (Dako, Carpinteria, CA, USA)
for 1 hour at room temperature, and peroxidase activity was visualized using a chromogenic
solution of diaminobenzidine at room temperature. The cases were assessed by two gynecolog-
ical pathologists in a double-blind manner. The immunoreactivity was graded arbitrarily and
semiquantitatively by considering the intensity and percentage of staining on the tissue micro-
array slides as described previously [23]. The intensity of 5-hmC, 5-mC, and TET1 staining in
individual tumor cells was scored as 0 (no staining), 1+ (weak intensity), 2+ (moderate inten-
sity), or 3+ (strong intensity). The percentage of cells for each intensity was estimated from 0
to 100. For semiquantitative analysis of these three markers’ expression, the absolute score
was calculated by multiplying the estimated percentage of stained cells at each intensity by the
corresponding intensity value, which produced an immunostaining score from 0 to 300. The
scoring of expression profiles for TET1, 5-hmC, and 5-mC was performed by two gyneco-
patholgists respectively. We evaluate the average score of each sample in three different posi-
tions. To compare absolute scores of these three markers between different endometrial
lesions, the optimal cut-off value was determined using a receiver-operating characteristic
(ROC) curve. TET1Y was defined as a score < 20, and TET1"#" was defined as a score >20;
5-hmC"°" was defined as a score <80, and 5-hmCM8" was defined as a score >80; whereas
5-mC" was defined as a score <270, and 5-mC"8? was defined as a score >270.

RNA isolation and TET1 quantitative real-time RT-PCR

Total RNA was extracted from samples of 15 normal endometrium and 15 EC tissues using
Presto FFPE RNA Mini Kit (Geneaid, New Taipei City, Taiwan). Cut up 2~5 sections of

5~20 pm thick FFPE sections for RNA extraction and finally eluted with 50 pL of RNase-free
Water. The TET1 mRNA expression level was measured by real time one-step RT-PCR nor-
malized by GAPDH house-keeping gene. The TET1 and GAPDH RT-PCR primers were fol-
lowed by previous design [24]. The one-step RT-PCR amplification was performed at 50°C for
10 mins and 95°C for 2 mins followed by 40 cycles at 95°C for 3 s, 55°C for 15 s, and 72°C for
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5 s using a Roche LightCycler 2.0 Real-Time PCR System (Roche Ltd., Basel, Switzerland) with
5 uL of RNA and 20 pL of total volume with SensiFAST SYBR No-ROX One-Step Kit (BIO-
LINE, London, UK).

Statistical analysis

Patients’ clinical data were retrieved from hospital patient files. All values are expressed as
mean = standard error of mean and as percentages. ROC curve analysis is applied to measure
the diagnostic accuracy. We choose the maximization of the sum of sensitivity and specificity
as the cut-off point. Therefore, the cut-off point, sensitivity, specificity, and area under the
curve (AUC) of TET1 are 20, 0.512, 0.937, and 0.724, respectively; 5-hmC is 80, 0.535, 0.905,
and 0.720; whereas 5-mC is 270, 0.814, 0.512, and 0.665 (S1 Fig). Comparisons of the expres-
sion levels of TET1, 5-hmC, and 5-mC between different groups of normal endometrial, EH,
AH, and EC samples were analyzed using analysis of variance and chi-squared tests. A chi-
squared test or Fisher’s exact test was used to identify associations between expression levels of
these three markers and clinicopathological characteristics.

Data were assessed using Cox regression analysis. Kaplan-Meier survival curves were com-
pared using a log-rank test. A two-sided p < 0.05 was considered significant. All analyses were
performed using IBM SPSS Statistics for Windows (version 21; IBM Corp, Armonk, NY,
USA).

Results
TMA evaluation

To evaluate the expression levels of TET1, 5-hmC, and 5-mC in normal endometrium and
endometrial lesions, including EH without atypia, AH, and EC, we performed IHC analysis.
TET1, 5-hmC, and 5-mC show mainly intranuclear expression. We found a significant varia-
tion in levels of these three markers between the samples of premalignant endometrial lesions
and malignant lesions. Fig 1 shows hematoxylin & eosin staining, TET1, 5-hmC and 5-mC in
samples of normal endometrium, premalignant endometrial lesions, including EH without
atypia and AH, and malignant samples of EC. Generally, high intranuclear immunoreactivity
scores were observed for TET1 in all samples of normal endometrium (30/30, 100%) and most
samples of premalignant endometrial lesions, including EH without atypia (30/33, 90.9%) and
AH (29/32, 90.6%); whereas significantly lower TET1 expression was observed in EC cases
(42/86, 48.8%), including EmAC, SC, CC, and MC (p < 0.001) (Table 1). Moreover, 5-hmC
immunostaining scores were also high in all samples of normal endometrium (30/30, 100%),
most samples of EH without atypia (26/33, 78.8%), and nearly all samples of AH (30/32,
93.8%), but they were high only in less than half of the EC samples (40/86, 46.5%) (p < 0.001)
(Table 1). A similar relationship was noted for 5-hmC expression. The 5-mC immunostaining
score was high in most samples of EC (70/86, 81.4%), but low in samples of normal endome-
trium (12/30, 40.0%), EH without atypia (17/33, 51.5%), and AH (17/32, 53.1%) (Table 1). In
contrast, 5-mC expression showed the opposite trend, with higher immunostaining scores in
EC samples, compared with low immunostaining scores in samples of normal endometrium
and premalignant endometrial lesions (p < 0.001). There was wide variation in both the extent
and intensity of TET1 staining between premalignant endometrial lesions and neoplastic
endometrial samples; differential expression of 5-mC and 5-hmC was also observed. The dif-
ference in the TET1, 5-mC, and 5-hmC scores between the premalignant and malignant endo-
metrial lesion groups was significant (p < 0.001).

For further supporting the IHC results, we performed RT-PCR of TET1 to quantitatively
confirm differential expression profiles at the mRNA level. The TET1 mRNA expression level
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Fig 1. H&E staining in samples of normal endometrium (A), premalignant endometrial lesions, including EH without atypia (B)
and AH (C), as well as malignant samples of EC, including G1 of EmAC (D), G2 of EmAC (E), G3 of EmAC (F), SC (G), MC (H),
and CC (I); TET1 expression in samples of normal endometrium (A1), EH without atypia (B1), AH (C1), G1 of EmAC (D1), G2
of EmAC (E1), G3 of EmAC (F1), SC (G1), MC (H1), and CC (I1); 5-hmC expression in samples of normal endometrium (A2),
EH without atypia (B2), AH (C2), G1 of EmAC (D2), G2 of EmAC (E2), G3 of EmAC (F2), SC (G2), MC (H2), and CC (12); 5-mC
expression in samples of normal endometrium (A3), EH without atypia (B3), AH (C3), G1 of EmAC (D3), G2 of EmAC (E3), G3
of EmAC (F3), SC (G3), MC (H3), and CC (I3).

https://doi.org/10.1371/journal.pone.0259330.9001

was low in ECs compared with those in normal endometrium (p = 0.0037), as shown in Fig 2.
The comparison of TET1 IHC scores and TET1 mRNA levels was shown in Fig 3. The R* of
simple linear regression with these two parameters was 0.9. Therefore, the TET1 IHC scores
were highly proportional to the TET1 mRNA levels referenced to the GAPDH mRNA. The
TET1 IHC scoring can be used for biomarker level determinations. The real time RT-PCR
results of TET1 and GAPDH genes were shown in Table 2.
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Table 1. Chi-squared test for TET1, 5-hmC, and 5-mC expression scores based on the area of staining and the intensity of color reaction.

Normal n (%) EH n (%) AH n (%) ECn (%) p-value

TET1,n 30 33 32 86 < 0.001
<20 0(0.0) 3(9.1) 3(9.4) 44 (51.2)
>20 30 (100.0) 30 (90.9) 29 (90.6) 42 (48.8)

5-hmC, n 30 33 32 86 < 0.001
<80 0(0.0) 7(21.2) 2(6.3) 46 (53.4)
>80 30 (100.0) 26 (78.8) 30 (93.8) 40 (46.5)

5-mC, n 30 33 32 86 < 0.001
<270 18 (60.0) 16 (48.5) 15 (46.9) 16 (18.6)
>270 12 (40.0) 17 (51.5) 17 (53.1) 70 (81.4)

AH, atypical hyperplasia; EC, endometrial carcinoma; EH, endometrial hyperplasia without atypia; Normal, normal endometrium.

https://doi.org/10.1371/journal.pone.0259330.t001

Clinicopathological correlation

We also analyzed the association between the clinicopathologic features and these three mark-
ers in ECs, including CC, EmAc, MC, and SC (TET1 in Table 3; 5-hmC in Table 4; 5-mC in

TET1 mRNA expression
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Fig 2. TET1 mRNA expression in normal endometrium and ECs.
https://doi.org/10.1371/journal.pone.0259330.g002
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Y=0.0087X-22.998 2
R?=0.9
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Fig 3. Comparison of TET1 IHC score and TET1 mRNA level. The two parameters were compared and analyzed by simple linear
regression. The TET1 mRNA copies were calculated and shown with every 10,000 copies of GAPDH. The dotted line means the 95%
confidence interval of simple linear regression analysis.

https://doi.org/10.1371/journal.pone.0259330.9003

Table 5). There were no significant associations between TET1, 5-hmC, and 5-mC scores and
age (p = 0.814, 0.459, 0.226, respectively), FIGO stage (p = 0.966, 1.000, 0.750, respectively), or
subtype of EC (p = 0.902, 0.509, 0.225, respectively, for the various histological type compari-
sons and p = 0.806, 0.971, 1.000, respectively, for type I and type II EC comparisons). Although
a high 5-mC expression score was noted for high nuclear grade (p = 0.002), no significant asso-
ciations between TET1 and 5-hmC scores and nuclear grade were observed (p = 0.213 and
0.895, respectively).

Survival analyses

Kaplan-Meier survival analysis stratified according to TET1 expression score to assess the
prognostic value of the TET1 immunoreactivity in relation to OS is shown in Fig 4. Patients
with EC with a lower score (<20) had worse OS than those with a higher score (>20)

(p = 0.015). Progression-free survival (PFS) also had consistent results (p = 0.034), as shown in
Fig 5. Furthermore, we also analyzed OS and PFS according to 5-hmC and 5-mC expression
scores, but the results had not significantly different (S2-S5 Figs).
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Table 2. The real time RT-PCR results of TET1 and GAPDH genes.

Tissue samples TET1 Ct GAPDH Ct GAPDH/TET1 ACt copies TET1/10000 copies GAPDH 10000*(2/-ACt) TET1 IHC score
EC-01 28.18 22.69 5.49 222.51 160
EC-02 32.94 25.15 7.79 45.18 20
EC-03 28.04 21.89 6.15 140.82 90
EC-04 28.63 21.34 7.29 63.90 30
EC-05 25.38 19.74 5.64 200.54 120
EC-06 25.35 18.85 6.5 110.49 60
EC-07 25.71 19.92 5.79 180.73 100
EC-08 24.62 18.32 6.3 126.91 90
EC-09 30.25 23.29 6.96 80.32 40
EC-10 28.59 20.84 7.75 46.45 20
EC-11 31.69 24.85 6.84 87.29 60
EC-12 32.85 24.32 8.53 27.05 10
EC-13 32.27 24.07 8.2 34.01 10
EC-14 29.1 21.91 7.19 68.48 30
EC-15 29.19 21.02 8.17 34.72 10

Normal-01 26.69 20.99 5.7 192.37 180
Normal-02 26.98 21.24 5.74 187.11 150
Normal-03 34.98 28.59 6.39 119.24 90
Normal-04 32.21 25.54 6.67 98.20 60
Normal-05 28.61 22.22 6.39 119.24 90
Normal-06 25.11 19.79 5.32 250.33 240
Normal-07 26.84 20.9 5.94 162.89 120
Normal-08 27.3 20.84 6.46 113.59 90
Normal-09 26.01 19.82 6.19 136.97 100
Normal-10 26.74 20.93 5.81 178.24 120
Normal-11 26.16 20 6.16 139.85 100
Normal-12 27.96 22.12 5.84 174.58 180
Normal-13 26.24 20.57 5.67 196.41 120
Normal-14 26.86 21.41 5.45 228.76 180
Normal-15 28.93 22.7 6.23 133.22 100

https://doi.org/10.1371/journal.pone.0259330.t002

Univariate survival analysis (Table 6) revealed that higher TET1 expression level (>20)

resulted in a HR of death = 0.34 (95% confidence interval [CI]: 0.14-0.85; p < 0.05), higher
FIGO stage resulted in an HR of death = 8.41 (95% CI: 3.28-21.58; p < 0.01), higher nuclear
grade resulted in an HR of death = 3.26 (95% CI: 1.38-7.74; p < 0.01), and type II EC (includ-

ing G3 of EmAC, MC, CC and SC) resulted in an HR of death = 3.52 (95% CI: 1.62-7.63;

p < 0.01). After adjusting for age, FIGO stage, and histological type, the Cox proportional haz-

ards regression analysis indicated that TET

lhigh

score (>20) is an independent predictor of

OS, with higher TET1 expression levels conferring an HR of death = 0.31 (95% CI: 0.11-0.84;
p < 0.05).

Discussion

EC is a multifactorial disease, and the molecular mechanism underlying its development and

progression is poorly understood. The increasing incidence of EC worldwide requires the

development of accurate biomarkers to distinguish premalignant and malignant endometrial

lesions. Molecular diagnostic tools have been suggested as novel methods to improve the
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Table 3. Association of TET1 expression score with clinicopathological features in EC.

TET1 "% TET1 "8
Characteristic <20 >20 p-value
Patients (n) 44 42
Age (years) 0.814
Range 31-83 34-88
Mean + SEM 55.13 £ 1.62 55.72 £ 1.87
FIGO stage (n [%]) 0.966
L1II 30 (50.0) 30 (50.0)
IIL IV 14 (53.8) 12 (46.2)
Nuclear grade (n [%]) 0.213
Gl 18 (46.2) 21 (53.8)
G2 14 (60.9) 9(39.1)
G3 12 (50.0) 12 (50.0)
Histological type (n [%]) 0.902%
CC 2 (50.0) 2 (50.0)
EmAC 37 (51.4) 35 (48.6)
MC 0(0.0) 1 (100.0)
SC 5(55.6) 4 (44.4)
Histological type (n [%]) 0.806
Type I EC (EmAC G1 and G2) 32 (51.6) 30 (48.4)
Type I EC (EmAC G3, MC, CC, and SC) 12 (50.0) 12 (50.0)

? Fisher’s exact test. CC, clear cell carcinoma; EmAC, endometrioid adenocarcinoma; MC, mucinous carcinoma; SC, serous carcinoma; SEM, standard error of mean.

https:/doi.org/10.1371/journal.pone.0259330.t003

Table 4. Association of 5-hmC expression score with clinicopathological features in EC.

5-hmC '*% 5-hm( high
Characteristic <80 >80 p-value
Patients (n) 46 40
Age (years) 0.459
Range 31-79 33-88
Mean + SEM 54.55 + 1.64 56.37 £ 1.83
FIGO stage (n [%]) 1.000
LII 32(53.3) 28 (46.7)
IIL IV 14 (53.8) 12 (46.2)
Nuclear grade (n [%]) 0.895
Gl 20 (51.3) 19 (48.7)
G2 13 (56.5) 10 (43.5)
G3 13 (54.2) 11 (45.8)
Histological type (n [%]) 0.509%
CC 3(75.0) 1(25.0)
EmAC 37 (51.4) 35 (48.6)
MC 0(0.0) 1 (100.0)
SC 6 (66.7) 3(33.3)
Histological type (n [%]) 0.971
Type I EC (EmAC G1 and G2) 34 (54.8) 28 (45.2)
Type I EC (EmAC G3, MC, CC, and SC) 12 (50.0) 12 (50.0)

? Fisher’s exact test. CC, clear cell carcinoma; EmAC, endometrioid adenocarcinoma; MC, mucinous carcinoma; SC, serous carcinoma; SEM, standard error of mean.

https://doi.org/10.1371/journal.pone.0259330.t004
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Table 5. Association of 5-mC expression score with clinicopathological features in EC.

5-mC ' 5-m(C hish
Characteristic <270 >270 p-value
Patients (n) 16 70
Age (years) 0.226
Range 31-75 33-88
Mean + SEM 52.47 £2.61 56.27 £ 1.37
FIGO stage (n [%]) 0.750 *
LIl 10 (16.7) 50 (83.3)
IIL IV 6(23.1) 20 (76.9)
Nuclear grade (n [%]) 0.002 %
Gl 12 (30.8) 27 (69.2)
G2 0(0.0) 23 (100.0)
G3 4(16.7) 20 (83.3)
Histological type (n [%]) 0.225%
CC 0(0.0) 4 (100.0)
EmAC 13 (18.1) 59 (81.9)
MC 1 (100.0) 0(0.0)
SC 2(22.2) 7 (77.8)
Histological type (n [%]) 1.000 *
Type I EC (EmAC G1 and G2) 12 (19.4) 50 (80.6)
Type I EC (EmAC G3, MC, CC, and SC) 4(16.7) 20 (83.3)

? Fisher’s exact test. CC, clear cell carcinoma; EmAC, endometrioid adenocarcinoma; MC, mucinous carcinoma; SC, serous carcinoma; SEM, standard error of mean.

https://doi.org/10.1371/journal.pone.0259330.t005
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Fig 4. Kaplan-Meier analysis stratified according to TET1 expression score. Analysis to assess the prognostic value

of the TET1 immunoreactivity in relation to OS.

https://doi.org/10.1371/journal.pone.0259330.g004
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Fig 5. Kaplan-Meier analysis stratified according to TET1 expression score. Analysis to assess the prognostic value of the TET1
immunoreactivity in relation to PFS.

https://doi.org/10.1371/journal.pone.0259330.9005

differential diagnosis of endometrial premalignant and malignant lesions. Recently, research
has been focused on elucidating the molecular and genetic characteristics of EC to provide
new insights into its biology, which can enable development of innovative treatments [7]. Sev-
eral genetic alterations have been observed in patients with EC, including microsatellite insta-
bility, mutations of PTEN, K-RAS, and B-catenin genes, as well as epigenetic changes, such as
aberrant DNA methylation and histone modifications, which play a significant role in cancer
development [25-27].

For the reason that several diagnostic markers, such as phosphatase and tensin homolog
(PTEN), have been proposed. PTEN, a tumor suppressor gene controlling the PI3K/AKT path-
way by phosphorylating PIP3 at the cell membrane, is the most common genetic alteration
(30-80%) in endometrial carcinomas. A system review and meta-analysis down by Antonio
Raffone, revealed that immunohistochemistry for PTEN showing low diagnostic usefulness in
the differential diagnosis between benign and premalignant endometrial hyperplasia. [28].
Another well-known transcriptional factor is Sex-determining region Y-box 2 (SOX2), which
is an essential in the self-renewal and pluripotency of embryonic stem cells, affecting in cell
survival and progression of cancers. As the results shown in Cancer Science by Kaoru Yama-
waki in 2017, SOX2 expression is correlated with histological grade and poor prognosis in
endometrial cancer. Furthermore, high SOX2 accompanied by low p21 expressions in the
patients of advanced endometrial cancer were associated with the most unfavorable outcomes,
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Table 6. Multivariate survival analysis of clinicopathological factors in 86 patients with EC.

Variable Univariate analysis crude HR (95% | Multivariate adjusted HR (95%
CI) qn

Age (years) 1.05 (1.02-1.08)** 1.05 (1.02-1.10)**
TET1 expression®

Low 1.00 (Ref.) 1.00 (Ref.)

High 0.34 (0.14-0.85)* 0.31 (0.11-0.84)*
5-hmC expression”

Low 1.00 (Ref.)

High 0.80 (0.37-1.73) -
5-mC expression”

Low 1.00 (Ref.)

High 1.98 (0.59-6.58) -
FIGO stage

LII 1.00 (Ref)) 1.00 (Ref.)

IIL, IV 8.41 (3.28-21.58)"* 7.70 (2.72-21.76) **
Nuclear grade

Gl 1.00 (Ref))

G2 0.82 (0.27-2.44) -

G3 3.26 (1.38-7.74)"* -
Histological type

Type I EC (EmAC G1 and G2) 1.00 (Ref.) 1.00 (Ref.)

Type I EC (EmAC G3, MC, CC, and | 3.52 (1.62-7.63)** 3.46 (1.37-8.74)**
SC)

* Low expression of TET1 is represented as <20; high expression of TET1 is represented as >20.

" Low expression of 5-hmC is represented as <80; high expression of 5-hmC is represented as >80.

“ Low expression of 5-mC is represented as <270; high expression of 5-mC is represented as >270.

*p <0.05

**p < 0.01. CC, clear cell carcinoma; CI, confidence interval; EC, endometrial carcinoma; EmAC, endometrioid

adenocarcinoma; HR, hazard ratio; MC, mucinous carcinoma; Ref., reference group; SC, serous carcinoma.

https://doi.org/10.1371/journal.pone.0259330.t006

which indicated that the expression of SOX2 and p21 may be a useful biomarker for disease
prognosis in endometrial cancer patients [29].

It is important to distinguish between AH and EC because such a distinction provides a
basis for the clinician to evaluate the risks of conservative progestin-based therapy rather than
surgical therapy in selected younger patients who wish to retain fertility [30]. The histologic
evaluation, such as cytological atypia, is regarded as the gold standard in classify malignant
carcinomas, premalignant and benign endometrial lesions. However, histological classification
may be affected by some issues, such as low reproducibility and ambiguous features [31].
Cytological features alone would be of little help in distinguishing between AH and well-differ-
entiated EmAC [32]. For approximately 15-50% of EC cases of permanent hysterectomy speci-
mens, the initial biopsy or curettage diagnosis indicated AH [25].

DNA methylation at the C-5 position of cytosines represents an important epigenetic modi-
fication involved in tissue differentiation and is involved in many diseases, especially cancers
[33]. A specific DNA methylation pattern is determined not only by the attachment of methyl
group to cytosine but also as a result of the process of DNA demethylation [34,35]. To improve
reliability of the differential diagnosis, we evaluated whether DNA demethylation could be
used as a predictive factor to confirm the diagnosis. TET family proteins can catalyze the con-
version of 5-mC in the DNA to 5-hmC, contributing to DNA demethylation [36]. TET1
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initiates the process of DNA demethylation, which often plays a role in tumor suppression in
cancers, to promote DNA hydroxymethylation in the promoter regions of its target genes.
Thus, metabolic disorder due to mutations in metabolic genes, such as isocitrate dehydroge-
nase, fumarate hydratase, and succinate dehydrogenase, could reduce TET enzymatic activity,
leading to the impairment of DNA hydroxymethylation, and could contribute to cancer pro-
gression [37,38]. To date, several studies have confirmed the important role of TET proteins in
DNA demethylation and their relationship with changes in DNA methylation patterns in
tumors [20]. Decreased 5-hmC levels were found in many solid tumors (including glioma,
melanoma, gastric, breast, colon, liver, lung, prostate, and pancreatic cancers) [16,33,39-47].
Recently, Yang et al. showed that TET1 functions as a tumor suppressor in EC. In addition,
TET1 overexpression enhances 5-hmC levels in the EC cells [37]. In this study, we found that
the expression of TET1 and 5-hmC is higher in normal and premalignant endometrial lesions
and decreased on progression to EC (p < 0.001). Moreover, 5-mC expression showed the
opposite trend. Higher expression of 5-mC was observed in EC samples than in normal and
premalignant endometrial lesions (p < 0.001). This finding indicates that TET1, 5-hmC, and
5-mC play an important role in the progression of premalignant endometrial lesions to EC.

Clinical parameters showed that patients with EC with low TET1 expression have shorter
OS than those with high expression of TET1. A previous report suggested that low expression
levels of TET1 messenger RNA predict a poor OS rate for patients with EC [20]. Our findings
revealed that a reduction in the TET1 score was associated independently and significantly with
poor OS in patients with EC, which is similar to previous research findings. To our knowledge,
no precise data analysis for TET1, 5-hmC, and 5-mC expression levels associated with clinico-
pathological factors, including age, tumor FIGO stage, histological type, and nuclear grade, is
available for patients with EC. Hence, our study aimed at evaluating the relationship between
these factors. The multivariate survival analysis revealed that high TET1 expression resulted in
an HR of death = 0.31 (95% CI: 0.11-0.84; p < 0.05), and it is also statistically significant in rela-
tion to FIGO stage (p < 0.01) and histologic type (p < 0.01) in patients with EC.

Although previously published research article has reported that TET1 mRNA expression
and correlated 5-hmC levels are reduced in endometrial cancer tissues [48]. Compared to its
focus on PCR analysis for mRNA expression, our study used immunohistochemical method
for expression profiles. The immunohistochemical examination is much a rapider and cheaper
way for pathologists while clinically practicing in differential diagnosis of malignant and pre-
malignant endometrial lesions and survival prediction. Our data also revealed that TET1 ITHC
scores were highly proportional to the TET1 mRNA levels. Therefore, we summarize that the
TET1 IHC scoring can be used for biomarker level determinations.

In summary, we found that the expression profiles of TET1, 5-hmC, and 5-mC in ECs correlate
with several factors, including tumor FIGO stage, tumor histological type, and nuclear grade. We
also determined that TET'1, known to suppress various cancers, might be a useful biomarker for
differential diagnosis of malignant and premalignant endometrial lesions, and it appears to be a
significant prognostic factor for patients with EC. Considering that this study is limited by the
small number of samples, it may not be appropriate to apply its findings to the whole population
directly. Further, larger population-based research is suggested for the validation of TET1 as a new
biomarker for distinguishing normal endometrium, EH, AH, and EC in pathological diagnosis.

Supporting information

S1 Fig. Receiver-operating characteristic (ROC) curve. ROC curve analysis of TET1 (contin-
uous line), 5-hmC (dotted line), and 5-mC (dashed line), respectively.
(TTF)
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S2 Fig. Kaplan-Meier analysis stratified according to 5-hmC expression score. Analysis to
assess the prognostic value of the 5-hmC immunoreactivity in relation to OS.
(TIF)

$3 Fig. Kaplan-Meier analysis stratified according to 5-hmC expression score. Analysis to
assess the prognostic value of the 5-hmC immunoreactivity in relation to PES.
(TIF)

$4 Fig. Kaplan-Meier analysis stratified according to 5-mC expression score. Analysis to
assess the prognostic value of the 5-mC immunoreactivity in relation to OS.
(TIF)

S5 Fig. Kaplan-Meier analysis stratified according to 5-mC expression score. Analysis to
assess the prognostic value of the 5-mC immunoreactivity in relation to PFS.
(TTF)

Author Contributions

Conceptualization: Nien-Tzu Liu.

Data curation: Pi-Shao Ko.

Formal analysis: Yu-Ching Chou.

Methodology: Cherng-Lih Perng, Yi-Jia Lin, Hung-Sheng Shang.
Resources: Cheng-Chang Chang.

Software: Yu-Chun Lin.

Supervision: Tai-Kuang Chao.

Validation: Yu-Chi Wang.

Writing - original draft: Nien-Tzu Liu.

Writing - review & editing: Tai-Kuang Chao.

References

1. Setiawan VW, Yang HP, Pike MC, McCann SE, Yu H, Xiang YB, et al. Type | and |l endometrial can-
cers: have they different risk factors? J Clin Oncol. 2013; 31:2607—2618. https://doi.org/10.1200/JCO.
2012.48.2596 PMID: 23733771

2. Kurman RJ, Kaminski PF, Norris HJ. The behavior of endometrial hyperplasia. A long-term study of
“untreated” hyperplasia in 170 patients. Cancer. 1985; 56: 403—412. hitps://doi.org/10.1002/1097-0142
(19850715)56:2<403::aid-cncr2820560233>3.0.c0;2-x PMID: 4005805

3. Mutter GL. Histopathology of genetically defined endometrial precancers. Int J Gynecol Pathol. 2000;
19: 301-309. https://doi.org/10.1097/00004347-200010000-00002 PMID: 11109157

4. Silverberg SG. Problems in the differential diagnosis of endometrial hyperplasia and carcinoma. Mod
Pathol. 2000; 13: 309-327. https://doi.org/10.1038/modpathol.3880053 PMID: 10757341

5. PeiYF, TaoR, LiJF, SuLP, YuBQ, Wu XY, etal. TET1 inhibits gastric cancer growth and metastasis
by PTEN demethylation and re-expression. Oncotarget. 2016; 7: 31322-31335. https://doi.org/10.
18632/oncotarget.8900 PMID: 27121319

6. Klose RJ, Bird AP. Genomic DNA methylation: the mark and its mediators. Trends Biochem Sci. 2006;
31: 89-97. https://doi.org/10.1016/j.tibs.2005.12.008 PMID: 16403636

7. Stampoliou A, Arapantoni-Dadioti P, Pavlakis K. Epigenetic mechanisms in endometrial cancer. J
BUON. 2016; 21: 301-306. PMID: 27273937

8. Feinberg AP, Tycko B. The history of cancer epigenetics. Nat Rev Cancer. 2004; 4: 143-153. https:/
doi.org/10.1038/nrc1279 PMID: 14732866

PLOS ONE | https://doi.org/10.1371/journal.pone.0259330 November 3, 2021 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259330.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259330.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259330.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259330.s005
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1200/JCO.2012.48.2596
http://www.ncbi.nlm.nih.gov/pubmed/23733771
https://doi.org/10.1002/1097-0142%2819850715%2956%3A2%26lt%3B403%3A%3Aaid-cncr2820560233%26gt%3B3.0.co%3B2-x
https://doi.org/10.1002/1097-0142%2819850715%2956%3A2%26lt%3B403%3A%3Aaid-cncr2820560233%26gt%3B3.0.co%3B2-x
http://www.ncbi.nlm.nih.gov/pubmed/4005805
https://doi.org/10.1097/00004347-200010000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11109157
https://doi.org/10.1038/modpathol.3880053
http://www.ncbi.nlm.nih.gov/pubmed/10757341
https://doi.org/10.18632/oncotarget.8900
https://doi.org/10.18632/oncotarget.8900
http://www.ncbi.nlm.nih.gov/pubmed/27121319
https://doi.org/10.1016/j.tibs.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16403636
http://www.ncbi.nlm.nih.gov/pubmed/27273937
https://doi.org/10.1038/nrc1279
https://doi.org/10.1038/nrc1279
http://www.ncbi.nlm.nih.gov/pubmed/14732866
https://doi.org/10.1371/journal.pone.0259330

PLOS ONE

TET1 to distinguish endometrial lesions and predict survival

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Abdel-Wahab O, Mullally A, Hedvat C, Garcia-Manero G, Patel J, Wadleigh M, et al. Genetic characteri-
zation of TET1, TET2, and TETS3 alterations in myeloid malignancies. Blood. 2009; 114: 144-147.
https://doi.org/10.1182/blood-2009-03-210039 PMID: 19420352

Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg JA, et al. Tet proteins can convert 5-methylcytosine
to 5-formylcytosine and 5-carboxylcytosine. Science. 2011; 333: 1300—1303. https://doi.org/10.1126/
science.1210597 PMID: 21778364

Guo JU, SuY, Zhong C, Ming GL, Song H. Hydroxylation of 5-methylcytosine by TET1 promotes active
DNA demethylation in the adult brain. Cell. 2011; 145: 423—434. https://doi.org/10.1016/j.cell.2011.03.
022 PMID: 21496894

Kroeze LI, van der Reijden BA, Jansen JH. 5-Hydroxymethylcytosine: an epigenetic mark frequently
deregulated in cancer. Biochim Biophys Acta. 2015; 1855: 144—154. https://doi.org/10.1016/j.bbcan.
2015.01.001 PMID: 25579174

Lorsbach RB, Moore J, Mathew S, Raimondi SC, Mukatira ST, Downing JR. TET1, a member of a
novel protein family, is fused to MLL in acute myeloid leukemia containing the t(10;11)(q22;923). Leuke-
mia. 2003; 17: 637-641. https://doi.org/10.1038/sj.leu.2402834 PMID: 12646957

Wu MZ, Chen SF, Nieh S, Benner C, Ger LP, Jan Cl, et al. Hypoxia drives breast tumor malignancy
through a TET-TNFalpha-p38-MAPK signaling axis. Cancer Res. 2015; 75: 3912-3924. https://doi.org/
10.1158/0008-5472.CAN-14-3208 PMID: 26294212

Chuang KH, Whitney-Miller CL, Chu CY, Zhou Z, Dokus MK, Schmit S, et al. MicroRNA-494 is a master
epigenetic regulator of multiple invasion-suppressor microRNAs by targeting ten eleven translocation 1
in invasive human hepatocellular carcinoma tumors. Hepatology. 2015; 62: 466—480. https://doi.org/
10.1002/hep.27816 PMID: 25820676

Hsu CH, Peng KL, Kang ML, Chen YR, Yang YC, Tsai CH, et al. TET1 suppresses cancer invasion by
activating the tissue inhibitors of metalloproteinases. Cell Rep. 2012; 2: 568-579. https://doi.org/10.
1016/j.celrep.2012.08.030 PMID: 22999938

Sun M, Song CX, Huang H, Frankenberger CA, Sankarasharma D, Gomes S, et al. HMGA2/TET1/
HOXA9 signaling pathway regulates breast cancer growth and metastasis. Proc Natl Acad Sci USA.
2013; 110: 9920-9925. https://doi.org/10.1073/pnas.1305172110 PMID: 23716660

Good CR, Panjarian S, Kelly AD, Madzo J, Patel B, Jelinek J, et al. TET1-mediated hypomethylation
activates oncogenic signaling in triple-negative breast cancer. Cancer Res. 2018; 78: 4126-4137.
https://doi.org/10.1158/0008-5472.CAN-17-2082 PMID: 29891505

Cornel KMC, Wouters K, Van de Vijver KK, van der Wurff AAM, van Engeland M, Kruitwagen R, et al.
Gene promoter methylation in endometrial carcinogenesis. Pathol Oncol Res. 2019; 25: 659-667.
https://doi.org/10.1007/s12253-018-0489-2 PMID: 30430425

Ciesielski P, Jozwiak P, Wojcik-Krowiranda K, Forma E, Cwonda L, Szczepaniec S, et al. Differential
expression of ten-eleven translocation genes in endometrial cancers. Tumour Biol. 2017; 39:
1010428317695017. https://doi.org/10.1177/1010428317695017 PMID: 28349832

Hidalgo A, Pina P, Guerrero G, Lazos M, Salcedo M. A simple method for the construction of small for-
mat tissue arrays. J Clin Pathol. 2003; 56: 144—146. https://doi.org/10.1136/jcp.56.2.144 PMID:
12560397

Scully RE, Bonfiglio TA, Kurman RJ, Silverberg SG, Wilkinson EJ. Uterine corpus. In: Scully RE, Bonfi-
glio TA, Kurman RJ, Silverberg SG, Wilkinson EJ, editors. Histological Typing Of Female Genital Tract
Tumours. 2nd ed. New York: Springer-Verlag; 1994. pp. 13-30.

Pecorelli S. Revised FIGO staging for carcinoma of the vulva, cervix, and endometrium. Int J Gynaecol
Obstet. 2009; 105: 103—104. https://doi.org/10.1016/).ijgo.2009.02.012 PMID: 19367689

YangL, YuSJ, Hong Q, Yang Y, Shao ZM. Reduced Expression of TET1, TET2, TET3 and TDG
mRNAs Are Associated with Poor Prognosis of Patients with Early Breast Cancer. PLoS One. 2015;
24:e0133896.

Liu LC, Lai HC, Chou YC, Huang RL, Yu MH, Lin CP, et al. Paired boxed gene 1 expression: A single
potential biomarker for differentiating endometrial lesions associated with favorable outcomes in
patients with endometrial carcinoma. J Obstet Gynaecol Res. 2016; 42: 1159—-1167. https://doi.org/10.
1111/j0og.13040 PMID: 27226215

Lai YJ, Chou YC, Lin YJ, Yu MH, Ou YC, Chu PW, et al. Pyruvate kinase M2 expression: a potential
metabolic biomarker to differentiate endometrial precancer and cancer that is associated with poor out-
comes in endometrial carcinoma. Int J Environ Res Public Health. 2019; 16: 4589. https://doi.org/10.
3390/ijerph16234589 PMID: 31756939

Baylin SB, Jones PA. Epigenetic determinants of cancer. Cold Spring Harb Perspect Biol. 2016; 8:
a019505. https://doi.org/10.1101/cshperspect.a019505 PMID: 27194046

PLOS ONE | https://doi.org/10.1371/journal.pone.0259330 November 3, 2021 15/17


https://doi.org/10.1182/blood-2009-03-210039
http://www.ncbi.nlm.nih.gov/pubmed/19420352
https://doi.org/10.1126/science.1210597
https://doi.org/10.1126/science.1210597
http://www.ncbi.nlm.nih.gov/pubmed/21778364
https://doi.org/10.1016/j.cell.2011.03.022
https://doi.org/10.1016/j.cell.2011.03.022
http://www.ncbi.nlm.nih.gov/pubmed/21496894
https://doi.org/10.1016/j.bbcan.2015.01.001
https://doi.org/10.1016/j.bbcan.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25579174
https://doi.org/10.1038/sj.leu.2402834
http://www.ncbi.nlm.nih.gov/pubmed/12646957
https://doi.org/10.1158/0008-5472.CAN-14-3208
https://doi.org/10.1158/0008-5472.CAN-14-3208
http://www.ncbi.nlm.nih.gov/pubmed/26294212
https://doi.org/10.1002/hep.27816
https://doi.org/10.1002/hep.27816
http://www.ncbi.nlm.nih.gov/pubmed/25820676
https://doi.org/10.1016/j.celrep.2012.08.030
https://doi.org/10.1016/j.celrep.2012.08.030
http://www.ncbi.nlm.nih.gov/pubmed/22999938
https://doi.org/10.1073/pnas.1305172110
http://www.ncbi.nlm.nih.gov/pubmed/23716660
https://doi.org/10.1158/0008-5472.CAN-17-2082
http://www.ncbi.nlm.nih.gov/pubmed/29891505
https://doi.org/10.1007/s12253-018-0489-2
http://www.ncbi.nlm.nih.gov/pubmed/30430425
https://doi.org/10.1177/1010428317695017
http://www.ncbi.nlm.nih.gov/pubmed/28349832
https://doi.org/10.1136/jcp.56.2.144
http://www.ncbi.nlm.nih.gov/pubmed/12560397
https://doi.org/10.1016/j.ijgo.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19367689
https://doi.org/10.1111/jog.13040
https://doi.org/10.1111/jog.13040
http://www.ncbi.nlm.nih.gov/pubmed/27226215
https://doi.org/10.3390/ijerph16234589
https://doi.org/10.3390/ijerph16234589
http://www.ncbi.nlm.nih.gov/pubmed/31756939
https://doi.org/10.1101/cshperspect.a019505
http://www.ncbi.nlm.nih.gov/pubmed/27194046
https://doi.org/10.1371/journal.pone.0259330

PLOS ONE

TET1 to distinguish endometrial lesions and predict survival

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

44,

45.

46.

47.

Raffone A, Travaglino A, Saccone G, Campanino MR, Mollo A, De Placido G, et al. Loss of PTEN
expression as diagnostic marker of endometrial precancer: A systematic review and meta-analysis.
Acta Obstet Gynecol Scand. 2019 Mar; 98(3):275-286. https://doi.org/10.1111/a0gs.13513 PMID:
30511743

Yamawaki K, Ishiguro T, Mori Y, Yoshihara K, Suda K, Tamura R, et al. Sox2-dependent inhibition of
p21 is associated with poor prognosis of endometrial cancer. Cancer Sci. 2017 Apr; 108(4):632—-640.
https://doi.org/10.1111/cas.13196 PMID: 28188685

Raffone A, Travaglino A, Saccone G, Campanino MR, Mollo A, De Placido G, et al. Loss of PTEN
expression as diagnostic marker of endometrial precancer: A systematic review and meta-analysis.
Acta Obstet Gynecol Scand. 2019; 98: 275-286. https://doi.org/10.1111/aogs.13513 PMID: 30511743

Baak JP, Mutter GL. EIN and WHO94. J Clin Pathol. 2005; 58: 1-6. https://doi.org/10.1136/jcp.2004.
021071 PMID: 15623473

Zaino RJ, Kauderer J, Trimble CL, Silverberg SG, Curtin JP, Lim PC, et al. Reproducibility of the diagno-
sis of atypical endometrial hyperplasia: a Gynecologic Oncology Group study. Cancer. 2006 Feb 15;
106(4):804—11. https://doi.org/10.1002/cncr.21649 PMID: 16400640

Haffner MC, Chaux A, Meeker AK, Esopi DM, Gerber J, Pellakuru LG, et al. Global 5-hydroxymethylcy-
tosine content is significantly reduced in tissue stem/progenitor cell compartments and in human can-
cers. Oncotarget. 2011; 2: 627—637. https://doi.org/10.18632/oncotarget.316 PMID: 21896958

Bhutani N, Burns DM, Blau HM. DNA demethylation dynamics. Cell. 2011; 146: 866—872. https://doi.
org/10.1016/j.cell.2011.08.042 PMID: 21925312

Gutierrez-Arcelus M, Lappalainen T, Montgomery SB, Buil A, Ongen H, Yurovsky A, et al. Passive and
active DNA methylation and the interplay with genetic variation in gene regulation. Elife. 2013; 2:
e00523. https://doi.org/10.7554/eLife.00523 PMID: 23755361

DuanH, Yan Z, Chen W, Wu Y, Han J, Guo H, et al. TET1 inhibits EMT of ovarian cancer cells through
activating Wnt/B-catenin signaling inhibitors DKK1 and SFRP2. Gynecol Oncol. 2017; 147: 408—-417.
https://doi.org/10.1016/j.ygyno.2017.08.010 PMID: 28851501

Yang C, Ota-Kurogi N, Ikeda K, Okumura T, Horie-Inoue K, Takeda S, et al. MicroRNA-191 regulates
endometrial cancer cell growth via TET 1-mediated epigenetic modulation of APC. J Biochem. 2020;
168: 7-14. https://doi.org/10.1093/jb/mvaa014 PMID: 32003827

Rasmussen KD, Helin K. Role of TET enzymes in DNA methylation, development, and cancer. Genes
Dev. 2016; 30: 733-750. https://doi.org/10.1101/gad.276568.115 PMID: 27036965

Rawluszko-Wieczorek AA, Siera A, Jagodzinski PP. TET proteins in cancer: Current ‘state of the art’.
Crit Rev Oncol Hematol. 2015; 96: 425-436. https://doi.org/10.1016/j.critrevonc.2015.07.008 PMID:
26276226

Orr BA, Haffner MC, Nelson WG, Yegnasubramanian S, Eberhart CG. Decreased 5-hydroxymethylcy-
tosine is associated with neural progenitor phenotype in normal brain and shorter survival in malignant
glioma. PLoS One. 2012; 7: e41036. https://doi.org/10.1371/journal.pone.0041036 PMID: 22829908

Lian CG, Xu Y, Ceol C, Wu F, Larson A, Dresser K, et al. Loss of 5-hydroxymethylcytosine is an epige-
netic hallmark of melanoma. Cell. 2012; 150: 1135-1146. https://doi.org/10.1016/j.cell.2012.07.033
PMID: 22980977

Du C, Kurabe N, Matsushima Y, Suzuki M, Kahyo T, Ohnishi |, et al. Robust quantitative assessments
of cytosine modifications and changes in the expressions of related enzymes in gastric cancer. Gastric
Cancer. 2015; 18: 516-525. https://doi.org/10.1007/s10120-014-0409-4 PMID: 25098926

Jin SG, Jiang Y, Qiu R, Rauch TA, Wang Y, Schackert G, et al. 5-Hydroxymethylcytosine is strongly
depleted in human cancers but its levels do not correlate with IDH1 mutations. Cancer Res. 2011, 71:
7360-7365. https://doi.org/10.1158/0008-5472.CAN-11-2023 PMID: 22052461

Liu C, Liu L, Chen X, Shen J, Shan J, Xu Y, et al. Decrease of 5-hydroxymethylcytosine is associated
with progression of hepatocellular carcinoma through downregulation of TET1. PLoS One. 2013; 8:
€62828. https://doi.org/10.1371/journal.pone.0062828 PMID: 23671639

Wielscher M, Liou W, Pulverer W, Singer CF, Rappaport-Fuerhauser C, Kandioler D, et al. Cytosine 5-
hydroxymethylation of the LZTS1 gene is reduced in breast cancer. Transl Oncol. 2013; 6: 715-721.
https://doi.org/10.1593/tlo.13523 PMID: 24466374

Yang H, Liu Y, Bai F, Zhang JY, Ma SH, Liu J, et al. Tumor development is associated with decrease of
TET gene expression and 5-methylcytosine hydroxylation. Oncogene. 2013; 32: 663—-669. https://doi.
org/10.1038/onc.2012.67 PMID: 22391558

Kudo Y, Tateishi K, Yamamoto K, Yamamoto S, Asaoka Y, ljichi H, et al. Loss of 5-hydroxymethylcyto-
sine is accompanied with malignant cellular transformation. Cancer Sci. 2012; 103: 670-676. https://
doi.org/10.1111/j.1349-7006.2012.02213.x PMID: 22320381

PLOS ONE | https://doi.org/10.1371/journal.pone.0259330 November 3, 2021 16/17


https://doi.org/10.1111/aogs.13513
http://www.ncbi.nlm.nih.gov/pubmed/30511743
https://doi.org/10.1111/cas.13196
http://www.ncbi.nlm.nih.gov/pubmed/28188685
https://doi.org/10.1111/aogs.13513
http://www.ncbi.nlm.nih.gov/pubmed/30511743
https://doi.org/10.1136/jcp.2004.021071
https://doi.org/10.1136/jcp.2004.021071
http://www.ncbi.nlm.nih.gov/pubmed/15623473
https://doi.org/10.1002/cncr.21649
http://www.ncbi.nlm.nih.gov/pubmed/16400640
https://doi.org/10.18632/oncotarget.316
http://www.ncbi.nlm.nih.gov/pubmed/21896958
https://doi.org/10.1016/j.cell.2011.08.042
https://doi.org/10.1016/j.cell.2011.08.042
http://www.ncbi.nlm.nih.gov/pubmed/21925312
https://doi.org/10.7554/eLife.00523
http://www.ncbi.nlm.nih.gov/pubmed/23755361
https://doi.org/10.1016/j.ygyno.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28851501
https://doi.org/10.1093/jb/mvaa014
http://www.ncbi.nlm.nih.gov/pubmed/32003827
https://doi.org/10.1101/gad.276568.115
http://www.ncbi.nlm.nih.gov/pubmed/27036965
https://doi.org/10.1016/j.critrevonc.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26276226
https://doi.org/10.1371/journal.pone.0041036
http://www.ncbi.nlm.nih.gov/pubmed/22829908
https://doi.org/10.1016/j.cell.2012.07.033
http://www.ncbi.nlm.nih.gov/pubmed/22980977
https://doi.org/10.1007/s10120-014-0409-4
http://www.ncbi.nlm.nih.gov/pubmed/25098926
https://doi.org/10.1158/0008-5472.CAN-11-2023
http://www.ncbi.nlm.nih.gov/pubmed/22052461
https://doi.org/10.1371/journal.pone.0062828
http://www.ncbi.nlm.nih.gov/pubmed/23671639
https://doi.org/10.1593/tlo.13523
http://www.ncbi.nlm.nih.gov/pubmed/24466374
https://doi.org/10.1038/onc.2012.67
https://doi.org/10.1038/onc.2012.67
http://www.ncbi.nlm.nih.gov/pubmed/22391558
https://doi.org/10.1111/j.1349-7006.2012.02213.x
https://doi.org/10.1111/j.1349-7006.2012.02213.x
http://www.ncbi.nlm.nih.gov/pubmed/22320381
https://doi.org/10.1371/journal.pone.0259330

PLOS ONE TET1 to distinguish endometrial lesions and predict survival

48. Ciesielski P, Jozwiak P, Wdjcik-Krowiranda K, Forma E, Cwonda t., Szczepaniec S, et al. Differential
expression of ten-eleven translocation genes in endometrial cancers. Tumour Biol. 2017 Mar; 39
(3):1010428317695017. https://doi.org/10.1177/1010428317695017 PMID: 28349832

PLOS ONE | https://doi.org/10.1371/journal.pone.0259330 November 3, 2021 17/17


https://doi.org/10.1177/1010428317695017
http://www.ncbi.nlm.nih.gov/pubmed/28349832
https://doi.org/10.1371/journal.pone.0259330

