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Abstract

The processed pseudogene PTENP1 is involved in the regulation of the expression of the
PTEN and acts as a tumor suppressor in many types of malignances. In our previous study
we showed that PTENP1 methylation is present not only in tumor, but also in normal endo-
metrium tissues of women over 45 years old. Here we used methylation-specific PCR to
analyze methylation status of CpG island located near promoter region of PTENP1 in malig-
nant and non-malignant endometrium tissues collected from 236 women of different age
groups. To confirm our results, we also analyzed RNA sequencing and microarray data
from 431 women with endometrial cancer from TCGA database. We demonstrated that
methylation of PTENP1 is significantly increased in older patients. We also found an age-
dependent increase in the level of PTENP1 expression in endometrial tissue. According to
our data, PTENP1 methylation elevates the level of the pseudogene sense transcript. In
turn, a high level of this transcript correlates with a more favorable prognosis in endometrial
cancer. The data obtained suggested that PTENP1 methylation is associated with age-
related changes in normal and hyperplastic endometrial tissues. We assumed that age-
related increase in PTENP1 methylation and subsequent elevation of its expression may
serve as a protective mechanism aimed to prevent malignant transformation of endometrial
tissue in women during the perimenopause, menopause, and postmenopause periods.
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Introduction

Methylation of cytosine at position 5 with the formation of 5-methylcytosine (5mC) is one of
the most frequent epigenetic modifications of DNA in eukaryotes [1]. Normally, there are tis-
sue-specific methylation patterns of the CpG sequences located at gene promoter regions, the
so-called CpG islands (CGI). These patterns change in the course of ontogenesis and are often
associated with suppression of transcription of relevant genes [2,3]. Considerable changes in
DNA methylation occur over the life cycle of mammals [4,5]. Soon after fertilization, methyla-
tion level of genomic DNA in dividing blastomeres decreases considerably; then along with
the fetus development it again reaches the initial values in all tissues except the primordial
germ cells (PGCs). In the process of aging of an organism, total genomic DNA methylation
level gradually decreases (a process known as global hypomethylation) while certain genetic
loci are being selective hypermethylated. Analysis of patterns of such hypomethylation shows
that accumulation of demethylated regions progresses linearly with age and mostly stochasti-
cally, apparently due to errors in the mechanism supporting the characteristic methylation pat-
terns [6]. In contrast to this, age-related selective hypermethylation of DNA is more of a
regular nature and depends on the tissue type [7]. The trend is the most pronounced in case of
the sequences located in the promoter CGIs of the genes of transcription factors and specific
receptors, reparation system genes, epigenetic regulation of genome functioning, and other
genes, including those acting as tumor suppressors, as it has been demonstrated for human
peripheral blood leukocytes [6,8]. The presence of the “programmed” and stochastic mecha-
nisms involved in age-related changes of DNA methylation patterns is also supported by the
studies in monozygotic twins [9]. Correlations observed between the level of methylation of
individual genetic loci and chronological age of the organism triggered formation of an inde-
pendent area of researches aimed to develop an epigenetic clock that would allow determining
true biological age [10,11]. To predict the chronological age of an organism based on the analy-
sis of its epigenetic markers, several specific sequences that are programmed to be hypo- or
hypermethylated with aging are analyzed. Along with tissue-specific epigenetic markers, uni-
versal epigenetic markers have been discovered; the latter are DNA regions the methylation
level of which changes synchronously with age in various organism tissues [12,13]. Since the
signs of accelerated aging can be associated with many diseases, analysis of methylation of the
above-mentioned sequences can be used for evaluation of the real biological age and predic-
tion of pathology progression [14].

There is certain similarity in epigenetic changes occurring upon aging and in the course of
cell malignization. In tumor transformation of tissues, similar to aging, global demethylation
of cancer cell genome and locus-specific hypermethylation of individual regions of DNA was
observed (for example, hypermethylation of tumor suppressor genes) [15], which partially
resembles the state typical of normal embryonic stem cells. Most oncological diseases are char-
acterized by a certain profile of differentially methylated regions of DNA [16].

Endometrial cancer is one of the most widely spread malignant tumors [17]. Changes in
DNA methylation profiles associated with the pathological state have been actively studied. In
endometrial cancer, hypermethylation affects tumor suppressor genes (for example, MLH]I,
RASSFIA, APC, KLF4, ALDHI1A2, and PCDH10), as well as genes, the products of which are
involved in cell adhesion (SVEPI), differentiation (FGF12, TNFSF11, ASCLI), and embryogen-
esis (NODAL, TBX18) [18-20]. In addition to protein-coding genes, hypermethylation in
endometrial cancer was noted in the region of some enhancer sequences, as well as in a series
of miRNA genes (MIR25, MIR93, MIR99, MIR106B, MIR324, MIR3074) and IncRNAs (e.g.,
MEG3) [19].
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Gene of the PTEN tumor suppressor is often inactivated in endometrial cancer. PTEN
expression is regulated by a transcribed pseudogene PTENPI. The pseudogene is located on
chromosome 9p13.3 and is transcribed in two opposite directions to form long noncoding
RNAs (IncRNAs): a sense transcript 3932 bp in length (PTENP1) and an antisense transcript
(PTENP1-AS) of 888 bp. PTENP1-sence IncRNA competes with the PTEN gene mRNA for
binding with inhibitory miRNAs and therefore increases PTEN protein level [21]. The anti-
sense transcript of PTENPI pseudogene interacts with the promoter region of PTEN gene and
inhibits its expression [22]. In our previous study we have not detected methylation of the
PTEN minimal promoter region in endometrial cancer [23]. However, methylation of the 5’-
terminal region of PTENPI was observed. Therefore, in this study we investigated in details
methylation status of PTENPI in normal, hyperplastic and tumor tissues of endometrium
obtained from women of various age groups. In addition, we analyzed the expression level of
PTENPI and tested its possible connections with survival of the patients.

Materials and methods
Patients and tissue samples

Tissue samples were obtained from 236 patients of Blokhin Oncology Scientific Center and of
Kulakov Research Center for Obstetrics, Gynecology, and Perinatology. All the patients included
in our study were Caucasian women that lived in the same region (in Moscow) and did not suffer
from severe concomitant diseases. Overall, 69 samples of normal endometrium (NE), mean age
39 + 13.2 years; 64 samples of simple endometrial hyperplasia (EH), 47 + 7.1 years; 45 samples of
endometrial polyp (EP), 48 + 9 years; and 58 samples of endometrioid carcinoma of endome-
trium, (EC, 62 + 7.8 years) were analyzed. The tissues were collected during surgery or biopsy.
Samples of NE tissues were collected from individuals who had not been diagnosed with EC, EH,
or EP. Histology analysis was performed according to the criteria of the World Health Organiza-
tion (WHO). Biological material was processed to the research laboratories after de-identification
of the samples. The study was performed according to the principles proclaimed by Helsinki dec-
laration. The study was approved by the ethics committees of the of Blokhin Oncology Scientific
Center and Kulakov Research Center for Obstetrics, Gynecology, and Perinatology. All the
patients gave written informed consent for their participation.

Cell lines

In the study, we used 14 cell lines obtained from Koltsov Institute of Developmental Biology
(Moscow, Russia), including xenograft epithelial keratinocytes (HaCaT), embrionic kidney
(HEK-293), embryonic lung (MRC-5), pancreatic adenocarcinoma (AsPC-1, COLO-357, T3M4,
BxPC-3), breast cancer (MCF-7, BT-474, HBL-100, and SKBR-3), cervical cancer (HeLa), ovarian
cancer (SKOV-3), and a hepatocellular carcinoma (HepG2) cell lines. The HEK-293, Hela,
HepG2, MCF-7, MRC-5, SKBR-3, and SKOV-3 cells were cultured on the DMEM (PanEco, Rus-
sia) medium. The APC-1, BT-474, BxPC-3, COLO-357, HaCaT, HBL-100, and T3M-4 cells were
cultured on the RPMI-1641 (PanEco, Russia) medium. Cultivation medium contained 10% (by
volume) fetal embryonic serum, 4.5 g/L glucose, 2 mM L-glutamine, 100 IU/mL penicillin, and
100 pg/mL streptomycin. Cells were passaged 2-3 times per week till 80-90% monolayer was
achieved. All the cells were incubated at 37°C under humidified atmosphere with 5% CO.,.

Genomic DNA and total RNA isolation and bisulfite modification of DNA

Genomic DNA from tissues and cells grown in culture was isolated by standard phenol-chlo-
roform method [24]. Total RNA was isolated from cultured cells using the ExtractRNA kit
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(Evrogen, Russia) according the manufacturer’s protocol. RNA samples were treated with
DNase I (Thermo Fisher Scientific, Lithuania) according to the manufacturer’s protocol. DNA
and RNA concentrations were determined with the NanoDrop (Thermo Fisher Scientific,
USA) spectrophotometer. DNA bisulfite modification of 1 g of DNA was performed using
the EpiTect Bisulfite Kit (Qiagen, Germany) according to the manufacturer’s
recommendations.

Global DNA demethylation

Cells were grown in a 25 cm” culture flask up to 70% monolayer. Then, cells were incubated in
the medium containing various concentrations of 5-Azacytidine (Serva, Germany). The con-
centration of 5-Azacytidine for each cell line was selected based on the results of cytotoxicity
assay to obtain more than 80% survival rate: HEK-293-1.5 uM; HeLa—3 pM; HepG2-5 pM;
MCEF-7-26 uM; SKBR-3-35 uM; SKOV-3-7.5 uM and COLO-357-26 uM. The culture
medium with 5-Azacytidine was changed every 24 h and after 72 h the treatment the cells were
harvested. Glioblastoma PN19 cells were treated with 5-Aza-2’-deoxycytidine (Sigma-Aldrich,
USA) at the final concentrations of 10 and 30 pM for 96 h. During this time, the culture
medium with 5-Aza-2’-deoxycytidine was changed once after 48 hours.

Methylation-specific PCR

Genomic DNA isolated from human blood lymphocytes, methylated in vitro by the SssI
methyltransferase (SibEnzyme, Russia) and treated with sodium bisulfite was used as methyl-
ated control. Bisulfite-converted DNA from blood lymphocytes was used as non-methylated
control. PCR mixture (25 pL) contained 0.5 uM forward and reverse primers, 0.5-1 units of
Taq DNA polymerase, and 25 ng bisulfite-converted DNA. The reaction was performed under
the following conditions: primary denaturation at 95°C for 5 min; 33 cycles of denaturation at
95°C for 30 s, annealing at 63-64°C for 30 s, elongation at 72°C for 30 s; and final elongation
at 72°C for 3 min. The sequences of MS-PCR primers [25] and PCR-product sizes are shown
in S1 Table. PCR products (5 pL) were analyzed using ethidium bromide-stained agarose gel
(3%) electrophoresis. We defined our samples as “methylated” if we obtained the PCR product
with the primers for the methylated template. We defined the sample as “unmethylated” if we
had only the band for the unmethylated DNA. The original uncropped and unadjusted images
of all gels are shown in S1 Fig.

Sanger DNA sequencing

MS-PCR products were purified using QIA quick Gel Extraction Kit (Qiagen, Germany), in
accordance with the manufacturer’s protocol. Sequencing of the PCR products was carried out
by the Sanger method using a Thermo Sequenase Cycle Sequencing Kit (Amersham Bio Sci-
ences, USA). Electrophoretic separation of the products was performed using an automatic
ALF Express II sequencer (Amersham Bio Sciences, USA).

Cytotoxicity assay

To study 5-Azacytidine cytotoxicity cells were seeded onto 96-well plates (3 x 10> cells per
well) and incubated overnight. Then, the medium was replaced with a fresh one containing
0.5, 1, 2, 3-10, 20, 30-90 or 100 uM 5-Azacytidine. Cells were incubated at 37°C in the atmo-
sphere of 5% CO, for 72 h. The medium with 5-Azacytidine was changed every 24 h. Cell via-
bility was evaluated using MTT assay [26]. The optical density was measured on a StatFax-
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2100 Microplate reader (Awareness Technology, USA) at a wavelength of A = 545 nm. An
example of a cell survival curve (for HeLa cells) is shown in S2 Fig.

qRT-PCR

cDNA was synthesized using MMLV RT kit (Evrogen, Russia) according the manufactures’s
recommendations. SYBR Green RT-qPCR method was used to evaluate the RNA levels in
each sample. Amplification was carried out on an ANK-37 (DNA-technology, Russia). -actin
and 18S were used as the internal control genes. The relative RNA expression level was calcu-

2 —AACt

lated using the method [27]. The sequences of the primers and the conditions of PCR-

amplification are shown in S1 Table.

Bioinformatic analysis

Relationship between PTENPI methylation and overall survival of the patients was determined
using the MethSurv software [28]. Relationship between PTENPI expression and overall sur-
vival of the patients was determined using the OncoLnc software [29]. To study PTENP1 and
PTENP1-AS expression in healthy patients of different age we used previously published RNA-
seq data (GSE102131) [30]. Reads were quantified against Homo Sapiens GRCh38.13 genome
annotation genome annotation at the transcript level using Salmon. Results were aggregated to
gene level using tximport. In brief, the datasets were filtered to remove rows with only a single
count across all samples and differentially expressed genes were identified using DESeq2.

Statistic analysis

All data are presented as mean + SD. Each experiment was performed in three replicates. Sta-
tistical differences between two groups were evaluated by two tailed t-test. One-way ANOVA
was utilized in comparisons of more than 2 groups, following Dunnett’s/Tukey’s posttest. The
statistical significance of Kaplan-Meier survival plot was determined by log-rank analysis. Sta-
tistical analysis was performed by Prism 6 (Graphpad Software). P < 0.05 was considered sta-
tistically significant.

Results
Methylation of the PTENPI pseudogene in human cell lines

We first used methylsensitive PCR (MS-PCR) to evaluated the methylation status of the CpG
island located at PTENPI 5’-termial region in human cell lines. This region includes the tran-
scription start site of PTENPI-sence long non-coding RNA and contains 18 CpG-pairs (Fig 1)
while the primer for MS-PCR annealed to 5 CpG sites.

In total we studied 14 conventional cell lines, three of which (HaCaT, HEK-293, MCR-5)
were noncancerous and the remaining ones were related to pancreatic adenocarcinoma
(AsPC-1, COLO-357, T3M4, BxPC-3), breast cancer (MCEF-7, BT-474, HBL-100, and SKBR-
3), cervical cancer (HeLa), ovarian cancer (SKOV-3), and a hepatocellular carcinoma
(HepG2). The pseudogene was found to be unmethylated in 2 out of 3 noncancerous cell lines
(HaCaT and HEK-293) and methylated in 9 out of 11 cell lines obtained from malignant tis-
sues (AsPC-1, BT-454, BxPC, HBL-100, HeLa, HepG2, MCEF-7, SKOV-3, and T3M-4).
Remaining 2 cancer cell lines that had unmethylated region of the PTENPI were obtained
from pancreatic adenocarcinoma and breast cancer (COLO-357 and SKBR-3 respectively)
(Fig 2A).
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Fig 1. PTENPI pseudogene sequence (A) and the analyzed region of the pseudogene (B). Red and blue arrows indicate the sites
of transcription initiation of the sense (PTENP1) and antisense (PTENP1-AS) transcripts of PTENPI gene; black arrows indicate
the location of primers for MS-PCR; cg12687990—the probe from llumina Infinium Human Methylation 450 (HM450K) bead
array, which was used to determine PTENPI methylations level in samples from TCGA database.

https://doi.org/10.1371/journal.pone.0243093.g001

Methylation of PTENPI in samples of malignant and non-malignant
endometrium
Next, we studied methylation status of PTENPI in 236 clinical samples of malignant and non-
malignant endometrium. The MS-PCR results for 13 are shown in S3 Fig and were confirmed
by Sanger sequencing of the obtained PCR fragments (54 Fig).

According to our data, we did not find significant differences in the frequency of pseudo-
gene methylation between samples of normal endometrium and endometrial polyps (24% and
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Fig 2. PTENPI pseudogene methylation in cell lines (A) and malignant and non-malignant endometrial tissues (B). Cyy,
unmethylated control (DNA obtained from peripheral blood and treated with sodium bisulfite), C,,,, methylated control (DNA
obtained from peripheral blood, methylated with SssI methyltransferase, and treated with sodium bisulfite), Co, amplification
without a DNA template; un and m-PCR amplification with primers for unmethylated and methylated DNA respectively; M-a
molecular weight marker; NE, normal endometrium; EH, endometrial hyperplasia; EP, endometrial polyps; EC, endometrial
carcinoma.

https://doi.org/10.1371/journal.pone.0243093.9002
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26.6% respectively). At the same time, we found such a difference between samples of normal
endometrium and endometrial hyperplasia (24% and 56.2%, respectively) and normal endome-
trium and endometrial carcinoma (24% and 68.9%, respectively). However, these patient groups
differed significantly in their mean age, which made such a comparison inaccurate. Therefore, we
decided to divide the patients into age groups and compare the frequencies of PTENPI methyla-
tion in normal endometrium, endometrial polyps, endometrial hyperplasia and endometrial car-
cinoma within each of the age groups, as well as compare the age groups with each other. We
included in our study age group I (17-34 years old), consisting of women of reproductive age, a
group of women of late reproductive age (35-44 years old, age group II), a group of perimen-
opausal, menopausal and postmenopausal women (45-65 years old, age group III). Among the
patients suffering from EC, there were women 66-76 years old (age group IV). Average age for
each group, number of patients and endometrium tissue types are indicated in Table 1.

Comparison of the PTENPI methylation frequencies in various endometrium tissue types
(NE, EH, and EP) in women of age group II did not reveal any significant differences. The
same applies to age group III, excluding the EP subgroup (Table 2, Fig 2B). PTENPI methyla-
tion frequency in the EP patients of group III was considerably lower than in women of the
same age group with NE, EH, or EC (p < 0.05).

Next we compared different age groups with each other. In the case of normal endome-
trium PTENPI methylation was detected in 3.8% of samples obtained from women of age
group I, in 20.8% of samples of age group II, and in 58% of samples of age group III (Table 3,
Fig 2B). Significant differences in methylation frequency of the PTENPI pseudogene were
found between age groups I and III, as well as IT and III (p < 0.05). Thus, PTENPI methylation
in normal endometrium starts to be particularly pronounced in women aged 45 years or older,
which can be associated with approaching or ongoing menopause.

The same trend was observed among the patients with endometrial hyperplasia. Here, the differ-
ence between IT and IIT age groups was also significant (19 and 74.4% respectively). At the same
time, we did not find significant differences in the frequencies of pseudogene methylation between
the age groups of patients with endometrial carcinoma and women with endometrial polyps.

To confirm our data, we next divided the patients into new set of age groups with the age
interval of 10-11 years: 1 (17-24 years), 2 (25-34 years), 3 (35-44 years), 4 (45-54 years), 5
(55-65 years) and 6 (6676 years) (S2 Table and S5A Fig). We did not find statistically signifi-
cant differences between groups 1-3, as well as between groups 4 and 5 of women with normal
endometrium (S3 Table). At the same time, a comparison of NE tissue samples from women
under 45 years with groups of women over 45 years old revealed statistically significant differ-
ences in the frequencies of PTENPI methylation. The difference in methylation frequency
between groups 3 (35-44 years) and 4 (45-54 years) was close to statistically significant
(p = 0.067). For endometrial hyperplasia we also observed significant differences between
patients under and over 45 years old (54 Table). For endometrial polyps the differences
between age groups of patients were not significant (S5 Table). Also there were no statistically
significant differences between age groups of patients with endometrial carcinoma (S6 Table).

Table 1. Patients and tissue samples.

Age groups Number of patients; mean age + sd
NE EH EP EC
group I 17-34 years n = 26; 23.5+5.0 - - -
group II 35-44 years n = 24; 40.0+2.9 n = 21; 40.0+2.6 n=17;39.0+2.9 -
group III 45-65 years n = 19; 52.5+6.0 n =43;52.1+6.5 n = 28; 55.0+6.3 n = 25; 55.0+3.3
group IV 66-76 years - - - n = 33;70.0+3.2

https://doi.org/10.1371/journal.pone.0243093.t001
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Table 2. Significance of differences in the PTENPI methylation frequency in II and III age groups between various types of endometrial tissue.

Tissue type NE EH EP EC

Age group II (35-44 years)

NE - p=1.000 p=0.467 -

EH p=1.000 - p=0293 -

EP p=0.467 p=0293 - -
Age group III (45-65 years)

NE - p=0748 p=0015 p=0375

EH p=0748 - p=0.014 p=0.766

EP p=0015 p=0.014 - p =0.000

EC p=0375 p=0.766 p=0.000 -

https://doi.org/10.1371/journal.pone.0243093.t002

PTENP]1 expression in normal endometrium obtained from women of
different age groups

Since we found an age-dependent increase in the frequency of methylation of PTENPI in nor-
mal and hyperplastic endometrium, we suggested that the level of expression of the pseudo-
gene should also change with age in these tissues. To confirm our hypothesis, we carried out a
bioinformatic analysis of previously published RNA sequencing data obtained from normal
endometrium of 10 women 23-30 years old (group “Young”) and of 10 women 40-43 years
old (group “Old”) [30]. We evaluated the expression levels of two long non-coding RNAs that
are known to be expressed from PTENPI pseudogene: PTENP1 and PTENP1-AS. The level of
PTENP1-AS was very low in both groups and therefore we did not find statistically significant
difference in its expression (Fig 3A). On the other hand, the level of PTENP1 was significantly
different in these two groups (p<0.05). Surprisingly, PTENP1expression was almost 3 folds
higher in older women as compared to younger ones. Thus, we revealed an age-dependent
increase in the level of PTENP1 expression in healthy endometrium.

Effects of PTENPI methylation on the level of PTENP1, PTENP1-AS and
PTEN in human cell lines

In the experiments described above we have demonstrated that PTENPI methylation is
increased with age of the patients and that expression of PTENP1 RNA is also upregulated in

Table 3. PTENPI methylation analysis in endometrial tissues of women of various age groups.

Age group of patients Tissue samples with methylated PTENPI % of samples with methylated PTENPI p-value of differences
Normal endometrium
1(17-34 years), n = 26 1 38 0093(wsI)
I (35-44 years), n = 24 5 208 0000 (LysI)
III (45-65 years), n = 19 11 58.0 0.025 (II vs III)
Endometrial hyperplasia
II (35-44 years), n = 21 4 19 0.016
III (45-65 years), n = 43 32 74.4
Endometrial polyps
11 (35-44 years) n = 17 6 35.2 0.325
III (45-65 years), n = 28 6 21.4
Endometrial carcinoma
11 (45-65 years), n = 25 18 72.0 0.778
IV (66-76 years), n = 33 22 66.6

https://doi.org/10.1371/journal.pone.0243093.t003
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older women. Therefore, we can propose that methylation of PTENPI1 may promote its’
expression. To further study the relationship between DNA methylation and PTENPI expres-
sion we have tested the effect of 5-Azacytidine (CpG hypomethylating agent) on the expression
of PTENPI, PTENP1-AS and PTEN transcripts. Analysis of 7 human cell lines (COLO-357,
HEK-293, HeLa, HepG2, MCE-7, SKBR-3 and SKOV-3) treated with different concentrations
of 5-Azacytidine revealed that inhibition of DNA methylation significantly reduces PTENP1
level in all tested cell lines. At the same time the level of PTENP1-AS was unchanged in HEK-
293 cells and increased in SKBR-3, HepG2 and MCF-7 cells (Fig 3C). The level of PTEN gene
expression was decreased in most cells treated with 5-Azacytidine with the exception of HEK-
293 and MCEF-7 cells (the level remained unchanged). Interestingly, the result that 5-Azacyti-
dine downregulates PTENPI expression contradicts to the previously published observation
that 5-Aza-2'-deoxycytidine upregulates PTENPI expression in 4 out of 5 renal cell lines [31].
Therefore, we performed additional experiments using 5-Aza-2'-deoxycytidine. According to
our data 5-Aza-2'-deoxycytidine similarly to 5-Azacytidine was able to downregulate PTENP1
expression and upregulate PTENP1-AS transcript level in a concentration dependent manner
(S5B Fig). Altogether, our data confirm that in all 8 tested cell lines CpG methylation may pro-
mote PTENPI expression.

PLOS ONE | https://doi.org/10.1371/journal.pone.0243093 January 22, 2021 9/17


https://doi.org/10.1371/journal.pone.0243093.g003
https://doi.org/10.1371/journal.pone.0243093

PLOS ONE

PTENP1 methylation as a marker of age-related changes in human endometrium

1.0 7

0.8 4 ey — Low expression

— High expression
0.6

0.4 -
p=0.035

Survival probability

0.2 A1

0.0

0 1000 2000 3000 4000 5000 6000 7000
Survival time (days)

Fig 4. The Kaplan-Meier survival curve for patients with EC divided into two groups based on the PTENP1
expression level. The number of patients in each group and the p value (log-rank test) are indicated.
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Effect of PTENPI expression and methylation on the overall survival of
cancer patients

The sense transcript of PTENPI pseudogene exhibits the properties of tumor suppressive
IncRNA in many types of human cancer [31-33]. Our results, presented above, showed that
the level of this transcript in normal endometrium increases significantly after 40 years. We
hypothesized that PTENP1 sense non-coding RNA may play a protective role by decreasing
aggressiveness of endometrial carcinoma which usually develops in women over 40. In order
to test this hypothesis, we investigated the relationship between the level of PTENPI expression
and the overall survival of patients with endometrial carcinoma. We analyzed data from 540
endometrial carcinoma patients and found that an increased level of pseudogene expression
indeed correlates with the prolonged overall survival (Fig 4).

According to our data methylation of the pseudogene may positively regulate the transcrip-
tion of its sense noncoding RNA. Therefore, next, we tested the relationship between patients’
survival and the methylation level of CpG island in the promoter region of PTENP1. We ana-
lyzed the TCGA methylome data obtained from 431 patients with endometrial carcinoma, 261
patients with sarcoma, 194 patients with acute myeloid leukemia and 515 patients suffering
from lower grade glioma. As shown in Fig 5A, for endometrial carcinoma we found some cor-
relation between higher PTENPI1 methylation and more favorable prognosis for patients, how-
ever the differences were not quite statistically significant (p = 0.071). On the other hand, in
acute myeloid leukemia and lower grade glioma patients PTENPI hypermethylation strongly
correlated with favorable prognosis (Fig 5C and 5D). In contrast, in sarcoma, hypermethyla-
tion of pseudogene was found in patients with shorter survival (Fig 5B). These data may indi-
cate the tissue-specific effect of PTENP1 on the phenotype of cancer cells.

Discussion

Data obtained in this study demonstrates that PTENPI methylation may reflect age-related
changes that occur in endometrium after the age of 45 and may indirectly indicate the
approach or onset of menopause. This statement may be true for normal endometrium, endo-
metrial hyperplasia, and endometrial carcinoma, but not for endometrial polyps, since the fre-
quency of pseudogene methylation in EP tissue does not change with age. EPs belong to the
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https://doi.org/10.1371/journal.pone.0243093.9005

group of benign neoplasms rising due to excess proliferation of epithelium glands and stroma
[34]. They appear in both women of reproductive age and those at menopausal or post-meno-
pausal stage. Of note, according to the literature, EPs have a number of histological features
distinguishing it from normal endometrial tissue and from EH. For example, this neoplasm is
characterized by certain positioning and structural abnormalities of glands. There are data
demonstrating that EP consists of immature endometrium cells that are not subjected to cyclic
changes in contrast to NE and EH [34]. In this study we showed that EP has also epigenetic
peculiarities: the frequency of PTENP1 methylation in EP does not depend on patient’s age.

It was previously shown that patterns of DNA methylation in normal endometrium are not
constant. The epigenetic clock test based on methylation patterns of 353 CpG sites, developed
by Horvath and co-workers [35], demonstrated a correlation between chronological age of a
woman at menopause and biological (reproductive) age determined using the DNA from
blood cells [36]. In menopause, biological aging was observed to accelerate according to the
epigenetic clock. We do not currently have enough data to assert that PTENPI region analyzed
in our study belongs to epigenetic clock-sites and that it can be used for accurate calculating
the biological age. However, we believe that the trend for increased methylation of the
PTENPI pseudogene in older patients could be related to the approaching or ongoing
menopause.

Since we identified an age-dependent increase in the level of PTENP1 and an increase in
the frequency of pseudogene methylation in the normal endometrium, we suggested that
methylation of PTENPI may be a positive regulator of the expression of this pseudogene.
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Incubation of cultured cells with methylase inhibitors 5-Azacytidine or 5-Aza-2’-deoxycyti-
dine led to a decrease in the PTENPI expression in all 8 tested cell lines. At the same time,
PTEN gene was also downregulated in 6 cell lines. These results suggested that PTENPI meth-
ylation contributes to an increase in the level of PTENP1 sense non-coding RNA as well as
PTEN mRNA. Interestingly, the decrease in the level of PTENP1 after treatment with 5-Azacy-
tidine was found not only in those lines in which we detected methylation of the pseudogene
promoter (HeLa, SKOV-3, HepG2 and MCE-7), but also in those lines in which we did not
detect the methylation (HEK-293, COLO-357 and SKBR-3). However, it should be noted that
we analyzed only a relatively small fragment of the PTENPI CpG island and the absence of
methylation in this region does not exclude this modification in other regions of the CpG
island sequence.

The sense transcript of PTENPI is a positive regulator of PTEN gene expression [21]. It acts
as a IncRNA that competes with PTEN mRNA for the binding of inhibitory miRNAs. In this
context, it is not surprising that a decrease in the level of sense RNA leads to a decrease in the
level of mRNA of the PTEN gene. It is more intriguingly that the treatment with the methylase
inhibitors resulted in a decrease in the level of the pseudogene sense transcript. As a general
rule, methylation of gene promoter regions leads to a decrease in the level of gene expression
[37]. However, there are evidences that methylation can have the opposite effect. Thus, hyper-
methylation of 5’-noncoding region (from -441 to -218) of "TERT gene is observed in all of
the cell lines possessing telomerase activity, while the region is demethylated in all of telome-
rase-negative samples [38]. In addition, methylation of exons 1 and 2 also increases the level of
hTERT gene expression. It was shown that these exons include binding sites for the transcrip-
tional repressor CTCF. When the sequences are methylated, the CTCF binding efficiency is
very low. In the absence of methylation, CTCF binds to the gene and suppress its transcription
[39]. Another example is methylation of the Survivin gene promoter. The promoter methyla-
tion could inhibit the binding of p53 (a repressor of Survivin expression) and leads to an
increase in mRNA level [40]. Therefore, it is likely that PTENPI belongs to the group of genes
which expression is positively regulated by DNA methylation.

Since PTENPI methylation is likely to contribute to an increase in its expression level, it
can be assumed that this epigenetic modification should correlate with a more favorable prog-
nosis for patients with cancer. Indeed, according to our data analysis, in lower grade glioma,
acute myeloid leukemia and endometrial cancer patients with higher methylated PTENP1
show prolonged survival. In contrast, in sarcoma, PTENPI methylation is correlated with a
poor prognosis. These discrepancies may be due to the fact that the functions of PTENP1 may
differ in various tissues. PTENP1 sequence contains binding sites for many miRNAs, and
therefore it can participate in the regulation of multiple genes in addition to oncosuppressor
PTEN. For example, Chengping Wu and colleagues showed that PTENP1 may serve as a
sponge for miR-27a-3p to upregulate EGRI level in cervical cancer cells. As a result, PTENP1
suppress cell growth, motility and epithelial-to-mesenchymal transition and inhibits cervical
cancer progression [41]. On the other hand, Yndestad S. et al. demonstrated that PTENP1
may play a prooncogenic role and can enhance proliferation of ER-positive breast cancer cells
MSF-7 and accelerate growth of corresponding tumors in vivo by downregulating ER-a. pro-
tein level [42]. These observations may explain opposite role of PTENP1 in different types of
malignancies.

In our previous study we demonstrated the absence of a correlation of PTENPI methylation
with the clinical characteristics of endometrial cancer (disease stage, FIGO grade, myometrium
invasion) [23]. Here, we found higher frequency of PTENPI methylation in patients over 45
years with EH and EC, which did not differ from methylation of NE in women of matched age
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groups. The data obtained indicated that PTENPI methylation is associated with age-related
changes, but not with malignancy of endometrial tissue.

Conclusion

Our data allow us to conclude that PTENPI methylation reflects age-related changes that
occur in normal and hyperplastic endometrium (but not in endometrial polyps). We also dem-
onstrated an age-dependent increase in the level of pseudogene expression, which in turn cor-
relates with a better prognosis of endometrial carcinoma. The obtained data suggest that age-
related increase in the frequency of PTENPI methylation and elevation in the level of its’
expression may serve as a protective mechanism aimed to prevent malignant transformation
of endometrial tissue in women during the perimenopause, menopause, and postmenopause
periods. We hope that our study will expand current understanding of the role of pseudogenes
and their transcripts in physiological processes, including the aging of the human body.
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