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ARTICLE INFO ABSTRACT

Keywords: Impaired telomere length (TL) maintenance in ovarian tissue may play a pivotal role in the onset
Telomere length of epithelial ovarian cancer (OvC). TL in either target or surrogate tissue (blood) is currently
O}wl/alnar.l cancer being investigated for use as a predictor in anti-OvC therapy or as a biomarker of the disease
iefo:i:rr;se progression, respectively. There is currently an urgent need for an appropriate approach to

chemotherapy response prediction.
We performed a monochrome multiplex qPCR measurement of TL in peripheral blood leuko-
cytes (PBL) and tumor tissues of 209 OvC patients. The methylation status and gene expression of

Therapy response
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the shelterin complex and telomerase catalytic subunit (hTERT) were determined within tumor
tissues by High-Throughput DNA methylation profiling and RNA sequencing (RNA-Seq) analysis,
respectively. The patients sensitive to cancer treatment (n = 46) had shorter telomeres in PBL
compared to treatment-resistant patients (n = 93; P = 0.037). In the patients with a different
therapy response, transcriptomic analysis showed alterations in the peroxisome proliferator-
activated receptor (PPAR) signaling pathway (q = 0.001). Moreover, tumor TL shorter than the
median corresponded to better overall survival (OS) (P = 0.006). TPPI gene expression was
positively associated with TL in tumor tissue (P = 0.026).

TL measured in PBL could serve as a marker of platinum therapy response in OvC patients.
Additionally, TL determined in tumor tissue provides information on OvC patients’ OS.
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1. Introduction

Human telomeres are made of highly conserved tandem nucleic acid repeats and associated proteins of the shelterin complex
located at the ends of chromosomes [1]. The shelterin subunits, namely telomere protective protein 1 (TPP1), repressor/activator
protein 1 (RAP1), telomeric repeat binding factor 1 (TERF1) and 2 (TERF2), TERF1-interacting nuclear factor 2 (TIN2), and protection
of telomeres 1 (POT1), together with DNA repair, maintain the protective function of telomeres [2]. The chromosome end-cap
structure consists of telomeric single-stranded DNA (ssDNA) invading telomeric double-stranded DNA (dsDNA) sites to hide the
3‘-terminus [3]. The assembly of shelterin at telomeres encompasses the binding of POT1-TPP1 to ssDNA overhang, TERF1 and
TERF1-RAP1 to dsDNA, and TIN2 to the whole complex by simultaneous interaction with TERF1, TERF2, and TPP1, which keeps the
telomeres intact [4]. Shelterin prevents telomere hyper-resection by suppressing DNA damage response kinases [5]. While TERF2
binds and inhibits ataxia-telangiectasia mutated (ATM) kinase, the POT1-TPP1 heterodimer blocks ataxia-telangiectasia and
Rad3-related (ATR) kinase activation [5]. Deregulation of telomere maintenance can give rise to cancer [6]. Cancerous cells, unlike
almost all somatic cells under physiological conditions, can fix eroded telomeres via either telomerase reactivation or by a homologous
recombination-based pathway known as alternative lengthening of telomeres [7]. The majority of cancers, however, rely on telo-
merase reactivation [8]. Telomerase is a ribonucleoprotein polymerase composed primarily of the telomerase reverse transcriptase
(hTERT) and telomerase RNA component (hTERC), together with other associated proteins [9].

Ovarian cancer (OvC), a heterogeneous group of diseases characterized by distinct clinicopathological and molecular patterns, may
be driven by telomere dysfunction [10,11]. According to current knowledge, ovarian tumors appear to be strictly
telomerase-dependent [10]. Substantial hTERT expression, a limiting factor for telomerase catalytical activity, exhibits 95 % of ovarian
tumors [10]. The harboring of hTERT promoter mutation was reported in 16 % of clear cell OvC [12,13] and 50 % of granulosa cell
tumors [14].

Currently, not much is known about shelterin impairment in OvC tissue. POT1 knockdown in OvC-derived SK-OV3 cells reduces c-
MYC proto-oncogene (c-MYC) expression, causing temporary inhibition of proliferation, but ultimately results in enhanced cell di-
vision, tumorigenicity, and histone deacetylase inhibitor response [15]. c-MYC protein mediates the regulation of telomerase activity,
and changes in its transcription upset the balance of the telomere/telomerase system [16]. Among the 22 genes related to telomere
structure, length, and maintenance, genome-wide association studies (GWAS) identified single nucleotide polymorphisms (SNPs)
rs116895242 in the POT1, rs7717443, rs10866498, rs12655062, rs2736098 in the hTERT, and rs75316749 in the hTERC-CLPTM1L
(cleft lip and palate transmembrane protein 1-like protein) regions, to be associated with OvC risk [17].

In this study, we investigated tumor and peripheral blood leukocyte (PBL) telomere length (TL) of patients diagnosed with late-
stage OvC, along with hTERT and shelterin genes’ methylation/mRNA expression in the tumor tissue. We were also interested in
the possible connection between TL assessed in PBL/tumor tissue and therapy response. In this article, we hypothesize that patients’
response to treatment and survival may be predicted by the TL either in PBL, representing a surrogate tissue of the patients or in the
tumor tissue itself. We further hypothesize that the mRNA expression and DNA methylation of shelterin subunits and telomerase may
be mirrored by TL.

2. Materials and methods
2.1. Study population

Overall, the study comprised 212 OvC patients, of which 184 were sampled for peripheral blood at the time of diagnosis and 59 for
tumor tissue during surgical resection. Thirty-one patients were sampled for both tumor tissue and peripheral blood. Regarding the
tumor tissue, data from RNA sequencing (RNA-Seq) were available for all the patients, data from the methylation arrays were available
only from 58 patients, and telomeres were successfully measured within 56 patients. As for blood, TL was assessed in all 184 samples.
The patients were women with newly diagnosed and histologically confirmed OvC. All patients were diagnosed and treated between

S single-copy gene
SMC1A structural maintenance of chromosomes 1 A
SNP single nucleotide polymorphism

ssDNA  single-stranded DNA

SSRP1  structure specific recognition protein 1
T telomere

TERF1 telomeric repeat binding factor 1
TERF2 telomeric repeat binding factor 2
TIN2 TERF1-interacting nuclear factor 2

TL telomere length

TPP1 telomere protective protein 1

TSS transcription start site

UPF1 DNA helicase and adenosine triphosphatase
UTR untranslated region

YEATS4 YEATS domain containing 4
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2009 and 2019 at the Motol University Hospital in Prague, and the University Hospital in Pilsen, Czech Republic. Biological samples for
genetic analyses were obtained from all patients according to the Helsinki declaration. Table 1 summarizes the characteristics of all
212 patients, Table 2 only of 31 patients with both tumor and blood collected. Sensitivity to the OvC therapy was based on the
platinum-free interval (PFI) described by Friedlander et al. [18], separating OvC patients as having platinum-sensitive or
platinum-resistant disease. The PFI interval was defined as the time from the last dose of platinum-based chemotherapy to the pro-
gression of the disease. Patients with PFI<6 months were considered platinum-resistant (this group also included OvC patients with
intermediate PFI — 6 to 12 months), and patients with PFI>>12 months were platinum-sensitive. Overall survival (OS) of the investi-
gated OvC patients was based on the interval from the surgery to the date of death or last follow-up. The follow-up was conducted over
10 years.

2.2. DNA sample isolation and quantification

Tumor DNA was isolated from fresh frozen tumor tissue after pulverization in liquid nitrogen using AllPrep DNA/RNA/Protein Mini
Kit (Qiagen, Hildesheim, Germany). Genomic DNA from 250 pL of peripheral blood was performed by BioSprint DNA Blood Kit
(Qiagen, Valencia, CA, USA) using Kingfisher mL instrument (ThermoFisher Scientific, Waltham, MA, USA) according to manufacturer
protocol. Isolated DNA was quantified by Quant-iT PicoGreen dsDNA Reagent and Kits (ThermoFisher Scientific, Waltham, MA, USA)

Table 1
All patients’ characteristics. The table shows the characteristics of all patients participating in the study. The number of patients does not always
add up to 100 % (n = 212) due to missing data for some attributes.

A studied cohort of patients Median age (years) [range] 60.92 [24-89] %
n =212
Tumor type
low-grade serous 9 4.2
high-grade serous 162 76.4
mucinous 11 5.2
clear cell 9 4.2
endometrioid 4 1.9
Brenner 1 0.5
borderline 1 0.5
adenocarcinoma 4 1.9
generalized disease 1 0.5
Grade
1 7 3.3
2 19 9.0
3 165 77.8
FIGO stage”
1 9 4.2
11 12 5.7
I 156 73.6
v 15 7.1
Residual tumor”
yes 102 48.1
no 90 42.5
BRCA1/BRCA2 mutation®
yes 13 6.1
no 199 93.9
Therapy regimen
paclitaxel + platinum derivatives 162 76.4
platinum monotherapy 6 2.8
other regimen 10 4.7
none 1 0.5
Platinum-based therapy resistance
yes 60 28.3
no 106 50.0
Median platinum-free interval (PFI, months) [range]
platinum-resistant 5.31 (0-11.5)
platinum-sensitive 29.06 (12-97)

@ FIGO (International Federation of Gynecology and Obstetrics) staging system is used for ovarian, fallopian tube, and peritoneal cancer
classification.

b Residual tumor after surgery was defined by a surgeon as “yes” (macroscopic lesions <1 cm and peritoneal metastases >1 cm), or “no” [no
macroscopic residuum (R)].

¢ Breast cancer 1 and 2 (BRCA1/2) germline mutations are the most frequent causes of developing hereditary OvC.

4 Other regimen [paclitaxel + platinum derivate + cyclofosfamid, cisplatin + doxorubicin, oxaliplatin + capecitabine (known as XELOX), oxali-
platin + 5-fluorouracil + folinic acid (known as FOLFOX) administered in a regimen called modified FOLFOX6, or paclitaxel + carboplatin +
bevacizumab].
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Table 2
Characteristics of patients with both blood and tumor tissue samples. The table shows the characteristics of all patients from whom we could
analyze both tissue and blood. The number of patients does not always add up to 100 % (n = 31) due to missing data for some attributes.

A studied cohort of patients Median age (years) [range] 58.77 [40-77] %
n=31
Tumor type
low-grade serous 3 9.7
high-grade serous 21 67.7
mucinous 3 9.7
clear cell 3 9.7
endometrioid 0 0.0
Brenner 0 0.0
borderline 0 0.0
adenocarcinoma 0 0.0
generalized disease 0 0.0
Grade
1 2 6.5
2 3 9.7
3 26 83.9
FIGO stage”
I 2 6.5
I 1 3.2
I 25 80.6
v 2 6.5
Residual tumor”
yes 18 58.1
no 13 41.9
BRCA1/BRCA2 mutation®
yes 5 16.1
no 26 83.9
Therapy regimen
paclitaxel + platinum derivatives 31 100
platinum monotherapy 0 0
other regimen’ 0 0
none 0 0
Platinum-based therapy resistance
yes 10 32.3
no 21 67.7
Median platinum-free interval (PFI, months) [range]
platinum-resistant 4.35 (0.5-8)
platinum-sensitive 38.47 (15-97)

& FIGO staging system is used for ovarian, fallopian tube, and peritoneal cancer classification.

b Residual tumor after surgery was defined by a surgeon as “yes” (macroscopic lesions <1 cm and peritoneal metastases >1 cm), or “no” (no
macroscopic residuum).

¢ BRCA1/2 germline mutations are the most frequent causes of developing hereditary OvC.

4 Other regimen [paclitaxel + platinum derivate + cyclofosfamid, cisplatin + doxorubicin, oxaliplatin + capecitabine (known as XELOX), oxali-
platin + 5-fluorouracil + folinic acid (known as FOLFOX) administered in a regimen called modified FOLFOX6, or paclitaxel + carboplatin +
bevacizumab].

and the plate reader Infinite 200 (Tecan Group Ltd., Mannedorf, Switzerland).

2.3. Telomere length measurement

TL in PBL and tumor tissues was expressed as relative by the monochrome multiplex quantitative polymerase chain reaction (qQPCR)
method, as described in detail previously [19,20]. Briefly, Ct values for telomere sequences (T) and reference single-copy gene (S;
albumin) were determined simultaneously as a multiplex using ViiA 7 Real-time PCR System (Applied Biosystems, Foster City, CA,
USA). The standard curve was used to quantify telomere and albumin genes based on the respective cycle threshold values. TL was
expressed as the ratio between the T/S. PBL TL was measured using DNA from the whole blood since erythrocytes do not have a nucleus
containing telomeric sequences. The qPCR efficiency for telomere sequences in tissues was 93 % and 91 % for albumin. The reaction
efficiency for telomere sequences in blood ranged between 98-110 % and 90-104 % for the albumin gene. All the data were
normalized based on the qPCR efficiency, as described previously [21].

2.4. RNA sequencing library preparation and sequencing

The total RNA from 59 epithelial OvC tissues with an RNA integrity number (RIN) > 5.4 (mean RIN 8.5, range 5.4-9.9) was used for
RNA-Seq analysis (summarized in detail in Supplementary Table 1). Five hundred ng of the total RNA was used for library preparation
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with QuantSeq 3'mRNA-Seq Library Prep FWD for Illumina (Lexogen, Vienna, Austria) according to the manufacturer’s protocol. The
quality of the prepared libraries was checked by Bioanalyzer 2100 using the High Sensitivity DNA kit (Agilent Technologies Inc., Santa
Clara, CA, USA), and the quantity was measured by qPCR, KAPA Library Quantification Kit Illumina®Platforms (F.Hoffmann-La Roche
AG, Basel, Switzerland). The equimolar pool of prepared libraries was sequenced on the NextSeq 500 platform (Illumina Inc., San
Diego, CA, USA) using the NextSeq 500 High Output v2 Kit (75 cycles) in one run, with a 1 x 75 base pairs (bp) setting, aimed at 6-7
million reads per sample.

2.4.1. mRNA expression analysis

Raw RNA-Seq data quality was checked by FastQC [22] v0.12.0 and MultiQC [23] v1.14 tools and the fastp v0.23.3 package, which
was also used for quality filtering and adapter trimming [24]. Gene annotation was based on reference transcriptome GENCODE v35
(GRCh38.p13). Protein-coding gene abundance was estimated by kallisto tool v0.50.1 using a pseudoalignment approach [25].

For all RNA-Seq analyses of mRNA transcripts, we used R v4.4.0 (R Core Team). Genes with zero counts or one count across the
samples were removed before analysis, resulting in 18,462 protein-coding genes out of 19,972 for further analysis. Differential
expression analysis of mRNAs was carried out by the DESeq2 package v1.44.0 with default settings [26]. The false discovery rate was
managed by the Benjamini and Hochberg (BH) method for P values and by ashr for log, fold change (logz FC) values [27], both in the
DESeq2 package. Statistically differentially expressed genes were considered genes with q < 0.05 (P value after BH correction).

Gene set enrichment analysis (GSEA) was performed by clusterProfiler v4.12.0 and DOSE v3.30.1 packages in R v4.4.0 [28, 29].
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used to explore the biological function of
differentially expressed genes [30-32]. As statistically significant enrichment we counted the results with Bonferonni corrected q <
0.05.

2.5. High-Throughput DNA methylation profiling

The genome-wide DNA methylation profile was analyzed by Infinium MethylationEPIC BeadChip microarrays (Illumina Inc.) in 58
epithelial OvC tissues. Five hundred ng of DNA was used as input for bisulfite conversion according to the manufacturer’s manual by
EZ DNA Methylation™ Kit (Zymo Research, Irvine, CA, USA). Prepared microarrays were scanned by iSCAN System (Illumina Inc.).
2.5.1. Methylation analysis

Quality control and data normalization were performed by the SWAN approach by the minfi package in the R v4.4.0 (R Core Team)
as described previously [33-35]. Raw data were converted to {3 values for further analyses [36-38]. Probes with annotated SNP were

removed before analyses [39]. For analysis of gene regions, the probes were then collapsed into specific gene regions based on the
manifest for the microarray — TSS200 [cytosine-phosphate-guanine (CpG) between TSS (transcription start site) and 200bp upstream

1.75- *

1.504

1.25+

1.004

0.75-

Telomere length in peripheral blood leukocytes

0.50+

| 1
Resistant Sensitive

Fig. 1. Shorter PBL TL may be coupled with enhanced sensitivity to OvC therapy. Patients responding to treatment (>12 months, n = 93) have
shorter telomeres than those therapy-resistant (1-6 months, n = 46, P = 0.037).
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and TSS itself], TSS1500 (CpG between TSS and 1500-200bp upstream), 5UTR [CpG in 5 untranslated region (UTR)], 1stExon (CpG in
the first exon), gene body (CpG in other exons or introns), 3'UTR (CpG in 3'UTR region) as described previously [40]. The promoter
region defined a combination of CpG in TSS200 and TSS1500. We focused on the whole gene, TSS200, TSS1500, and promoter
methylation profiles. The degree of gene methylation was divided according to Bibikova et al. [41]: 0.00-0.29 (unmethylated/hy-
pomethylated), 0.30-0.79 (hemimethylated), and 0.80-1.00 (methylated/hypermethylated). For the correlation with expression, we
used B values from the promoter probes (TSS1500 and TSS200 together).

2.6. Statistical analysis

Statistical analyses and graphs were made in the R v4.4.0 (R Core Team) environment. The Dplyr package was used for the data

1.00-
gy 0.75
2
E
©
o
© 0.50 L Telomere length shorter than median
E‘ Telomere length longer than median
2
2
S
® 0.25+
0.00+
T T 1 T 1
0 2 4 6 8
Follow-up time in years
Number at risk
E ereleng rter medi 28 18 14 11 4
Telomere length longer than median 28 16 6 1 0
T T 1 T T
0 2 4 6 8
Follow-up time in years
1.00-]
0.754

True positive rate
o
a
o
[

0.254

0.00-

T
0.00 0.25 0.50 0.75 1.00
False positive rate

Fig. 2. OS of patients could be predicted by TL in tumor tissue. A) The group with tumor TL higher than the median had poorer OS (n = 56, P =
0.006). The table illustrates how many patients were at risk in two-year intervals. B) The 56 patients were divided according to their follow-up to
those who died (n = 38) and those who were at the time of their last control still alive (n = 18). As a marker, the tumor TL was selected. The area
under the curve (AUC) = 0.673 confirmed that the tumor TL might be indicative of OvC patients’ OS.
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manipulation, survival, and survminer packages for the calculation of survivals, and the ggplot2 package for the plot rendering. For the
evaluation of the normal distribution, we used the Shapiro-Wilk test. In the case of normal distribution, parametric tests were used (t-
test, ANOVA), and in the case of non-normal distribution, non-parametric tests were used (Mann-Whitney and Kruskal-Wallis tests).
For survival, the log-rank test was used. For all tests, a P < 0.05 was considered significant.

3. Results
3.1. Telomere length in peripheral blood leukocytes predicts response to therapy

TL was measured within 184 patients with the availability of PBL samples. However, 22 patients were excluded from the analysis
since information about chemotherapy administration was not available. Therefore, the total number of patients with information
about blood sampling before chemotherapy (n = 136) and after chemotherapy treatment (n = 26) was 162. TL measured in PBL within
the groups of patients sampled before (n = 136) and after chemotherapy (n = 26) did not significantly differ (parametrical t-test, P =
0.15). Importantly, therapy-sensitive individuals (n = 93) were associated with shorter telomeres in PBL compared to PBL in the
patients with treatment resistance (n = 46, parametrical t-test, P = 0.037), as seen in Fig. 1. Thirty-nine patients did not have a record
of the treatment response, and they were not included in the analysis. Patients with postoperative tumor residues (n = 89) did not differ
in their PBL TL from those with tumors completely removed (n = 78, parametrical t-test, P = 0.181). Seventeen patients from 184 had
the information about tumor residuum missing. Macroscopic residuum is estimated by the surgeon by the end of the debulking surgery
using a combination of visual inspection and palpable examination, and it is characterized into three groups: RO (no macroscopic
residuum), R1 (macroscopic residuum <1 cm), and R2 [macroscopic residuum (metastases) >1 cm].

3.2. Telomere length in tumor tissue reflects the survival of ovarian cancer patients

TL exceeding the median [0.75 (0.74-1.94)] in tumor tissue was independently associated with OS in our studied group of patients
(log-rank test, n = 56, P = 0.006), as illustrated in Fig. 2. However, neither OS (log-rank test, P = 0.39) nor the time to progression
(log-rank test, P = 0.18) was associated with PBL TL in our patients (n = 184).

3.3. Association of telomere length in peripheral blood leukocytes and tumor tissue with other clinicopathological characteristics of the
patients

No TL differences in either PBL or tumor tissue of the patients diagnosed with different tumor histotypes were observed [high-grade
serous carcinoma (n = 145 for PBL, n = 37 for tissue), low-grade serous carcinoma (n = 8 for PBL, n = 4 for tissue), mucinous car-
cinoma (n = 6 for PBL, n = 8 for tissue), and clear cell carcinoma subtype (n = 7 for PBL, n = 4 for tissue), ANOVA, P = 0.68, and P =
0.94, respectively]. Furthermore, patients diagnosed with high-grade serous carcinoma (n = 145 for PBL, n = 37 for tissue), the most
malignant form of the disease, did not have significantly different TL in either PBL or tumor compared to the patients with other
subtypes of the tumors with epithelial origin (n = 21 for PBL, n = 16 for tissue, Mann-Whitney U test, P = 0.95, P = 0.11, respectively).

The stage of the disease based on the FIGO system was not associated with TL differences in either PBL or tumor tissue in our studied
group of patients [FIGO stage I + II (n = 17 for PBL, n = 7 for tissue), FIGO stage III + IV (n = 148 for PBL, n = 48 for tissue), Mann-

Table 3
PBL and tumor TL in patient subgroups. The table summarizes TL data measured in PBL and tumor tissues of patients diagnosed with OvC, along
with various personal and clinicopathological characteristics.

PBL Tumor tissue
n=184 % Median TL (range) P-value n=>56 % Median TL (range) P-value
Tumor type
low-grade serous 8 5 0.81 (0.71-1.25) 0.68 (ANOVA) 4 7.5 0.77 (0.69-0.99) 0.94 (ANOVA)
high-grade serous 145 87 0.91 (0.45-1.47) 37 70 0.68 (0.13-2.11)
mucinous 6 4 0.91 (0.76-1.47) 8 15 0.77 (0.33-1.47)
clear cell 7 4 0.94 (0.80-1.29) 4 7.5 0.95 (0.23-1.36)
Grade
1 5 3 0.82 (0.76-1.47) 0.60 (ANOVA) 4 7 0.72 (0.69-0.99) 1 (ANOVA)
2 14 9 0.91 (0.63-1.23) 8 14 0.87 (0.28-1.47)
3 145 88 0.91 (0.46-1.47) 44 79 0.75 (0.13-2.11)
FIGO stage
I+11 17 10 0.85 (0.63-1.47) 0.44 (Mann-Whitney) 7 13 0.69 (0.28-1.54) 0.91 (Mann-Whitney)
I + IV 148 90 0.92 (0.46-1.47) 48 87 0.79 (0.13-2.11)
Residual tumor
yes 89 53 0.90 (0.47-1.40) 0.18 (t-test) 31 55 0.81 (0.17-1.47) 0.74 (t-test)
no 78 47 0.92 (0.46-1.47) 25 45 0.69 (0.13-2.11)
Therapy resistance
yes 46 33 0.97 (0.48-1.47) 0.037 (t-test) 23 41 0.81 (0.17-1.54) 0.45 (t-test)
no 93 67 0.89 (0.47-1.37) 33 59 0.72 (0.13-2.11)
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Whitney U test, P = 0.44, and P = 0.91, respectively]. The grade of the disease was not associated with TL differences in either PBL or
tumor tissue [grade 1 (n = 5 for PBL, n = 4 for tissue), grade 2 (n = 14 for PBL, n = 8 for tissue), grade 2 (n = 145 for PBL, n = 44 for
tissue), ANOVA, P = 0.60, P = 1, respectively]. Also, TL in PBL [median (range), 0.91 (0.47-1.29)] did not correlate with TL measured
in tumor tissue [median (range), 0.75 (0.74-1.94), n = 31, Pearson correlation coefficient, R = —0,168, P = 0.99].

All TL values measured in PBL or OvC tissue and the results, presented in 3.1-3.3, are displayed in Table 3. The TL data were not
age-adjusted due to the lack of relationship between TL in either PBL (n = 184) or tumor tissue (n = 56) and age at the time of diagnosis
or clinical surgery (Kendall rank correlation coefficient, R = —0.045, P = 0.37; R = 0.11, P = 0.36 respectively).

3.4. Methylation status of shelterin subunits and hTERT correlates with telomere length in tumors

DNA hypermethylation within the TERF1 body and hypomethylation of the promoter sequence TSS1500 positively correlated with
TL (n = 58, Kendall rank correlation coefficient, P = 0.0001, P = 0.0007, respectively). The TPP1 gene body hosting CpG hypo-
methylation was positively associated with TL (n = 58, Kendall rank correlation coefficient, P = 0.003). RAP1 3'UTR hyper-
methylation and TL inversely correlated (n = 58, Kendall rank correlation coefficient, P = 0.002). DNA hemimethylated status in
hTERT transcriptional start site TSS1500 and TERF2 gene body negatively correlated with TL (n = 58, Kendall rank correlation co-
efficient, P = 0.0003 and P = 0.0001 for hTERT; and P = 0.0009 for TERF2). Additionally, methylation of hTERT promoter TSS1500
negatively correlated with the gene mRNA expression levels (n = 58, Kendall rank correlation coefficient, R = —0.21, P = 0.025, see
Fig. 3). However, the methylation status of none of the shelterin complex genes investigated in the study (TERF1, TERF2, TPP1, RAPI1,
POT1, and TIN2) was associated with the expression levels of the genes (P values not shown).

After the correction for all genes tested, the positive association between TERF1 hemimethylated status and TL remained significant
(n = 58, Kendall rank correlation coefficient, P = 0.005). Following the correction for all tested probes, hemimethylated hTERT
TSS1500 negatively and hypermethylated TERF1 body positively correlated with TL (n = 58, Kendall rank correlation coefficient, both
P = 0.0002).

3.5. mRNA levels of shelterin complex subunit TPP1 correlate with TL in tumor tissue

Analysis of the gene expression data obtained by RNA-seq revealed a positive correlation between the TPP1 mRNA level and the TL
measured in the tumor tissue of the patients (n = 52, Kendall rank correlation coefficient, R = 0.21, P = 0.026, see Fig. 4). Further
analysis of the RNA-Seq results did not show any correlation between mRNA levels of hTERT, encoding the catalytic subunit of
telomerase, or the other shelterin subunits (RAP1, TIN2, TERF1, TERF2, POT1), and TL in the tumor tissue of our studied group of
patients (P values not shown).

3.6. Difference in expression profile regarding platinum-based therapy resistance and telomere length
In the end, the whole transcriptome profile analysis was performed beyond shelterin genes, focusing on the expression differences

between OvC patients with good and poor response to platinum-based therapy and between OvC patients with telomeres in tumor
tissue shorter and longer than the median TL. Primary analysis of the expression profile of OvC patients by principal component

R=z-0.21,p=0.025

o =
o o
1 1

Methylation (f value)
o
P
1

| | |
0.0 0.3 0.6 0.9
hTERT relative mRNA expression

Fig. 3. hTERT is expressed in tumors based on the DNA methylation of the promoter sequence. hTERT mRNA expression is downregulated
due to its promoter TSS1500 methylation (n = 58, R = —0.21, P = 0.025).
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2.0- R=0.21,p=0.026

1.5

Relative telomere length in tumor tissue

0 2 4 6
TPP1 relative mRNA expression

Fig. 4. TPP1 mRNA expression is associated with TL in tumor tissue. TL in cancer tissue is positively affected by TPP1 expression (n = 52, R =
0.21, P = 0.026).

analysis (PCA) showed one outlier sample (depicted in Fig. 5A). For further analysis, the sample was removed (see Fig. 5B).

Differential expression (DE) analysis between therapy-sensitive and therapy-resistant OvC patients showed overall 59 significantly
differentially expressed genes (q < 0.05, see Fig. 6). Expression downregulation was observed for 42 genes and upregulation for 17
genes. All differentially expressed genes are summarized in Supplementary Table 2.

DE analysis between OvC patients (n = 56) divided into two groups by the median value of TL in tumor tissue showed overall 188
significantly differentially expressed genes (q < 0.05, see Fig. 7). Expression downregulation was observed for 123 genes and upre-
gulation for 65 genes. All differentially expressed genes are in Supplementary Table 3.

In addition, we performed pathway analysis using GO terms (molecular function, biological process, and cellular component) and
KEGG pathways for differentially expressed genes. GSEA of GO terms failed to reveal significant (q < 0.05) differences in OvC patients
divided by the therapy response, but the first three Top enriched GO terms (P < 0.001) were transmembrane receptor protein tyrosine
kinase signaling pathway (GO:0007169), response to peptide (GO:1901652), and cellular response to peptide (GO:1901653) for the
following genes — nuclear receptor 4A3 (NR4A3), adiponectin (ADIPOQ), lipoprotein lipase (LPL), klotho beta (KLB), and polymeric
immunoglobulin receptor (PIGR), as shown in Fig. 8A and Supplementary Table 4. The KEGG pathway-focused GSEA showed only one
significantly enriched pathway — peroxisome proliferator-activated receptor (PPAR) signaling pathway (hsa03320, q = 0.001) for
cluster determinant 36 (CD36), ADIPOQ, perilipin 2 (PLIN2), and fatty acid binding protein 4 (FABP4) genes, as indicated in Sup-
plementary Table 5.

In OvC patients divided by the median TL in tumor tissue, GSEA using GO terms revealed significant (q < 0.05) differences in a total
of four significantly enriched terms (q = 0.026, see Fig. 8B and Supplementary Table 6) — three cellular components {axonemal
microtubule [GO:0005879, genes: cilia and flagella associated protein 45 (CFAP45), EF-hand domain containing 2 (EFHC2), RIB43A
domain with coiled-coils 2 (RIBC2)], axoneme [GO:0005930, genes: CFAP45, axonemal central pair apparatus protein (HYDIN),

PCA plot PCA plot
A B
20
o
e 20
0 t” ‘5' > ®
S P A Platinum-sensitive s 0 Y ] Platinum-sensitive
o -204 o0 ® Platinum-resistant 0. ~ ?Q @ Platinum-resistant
-40+ -20
T 1 1 1
20 0 20 40 -20 O 20
PC1 PC1

Fig. 5. PCA plot of expression distribution across the ovarian carcinoma set. A) PCA plot of all OvC samples (n = 59) that underwent RNA-Seq,
showing one outlier sample in the therapy-resistant group (marked by a red circle). B) PCA plot of OvC samples (n = 58) used for further analysis
after removing the outlier sample. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 6. Expression differences between OvC patients sensitive and resistant to platinum-based therapy. The volcano plot shows the Top 10
differentially expressed genes in the current comparison of 58 OvC patients.
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Fig. 7. Expression differences between OvC patients with different lengths of telomeres in tumor tissue. The volcano plot shows the Top 10
differentially expressed genes in the current comparison in the set of 56 OvC patients.

EFHC2, RIBC2, cancer susceptibility candidate gene 1 (CASC1)] and ciliary plasm (GO:0097014, genes: CFAP45, HYDIN, EFHC2,
RIBC2, CASC1)} and one biological process [DNA metabolic process, GO:0006259, genes: retinoblastoma-binding protein 8 (RBBPS),
nuclear autoantigenic sperm protein (NASP), B-cell CLL/lymphoma 7 A (BCL7A), YEATS domain containing 4 (YEATS4), structural
maintenance of chromosomes 1 A (SMC1A), structure specific recognition protein 1 (SSRP1), heterogenous nuclear ribonucleoprotein
A/B (HNRNPAB), lysine demethylase 2 A (KDM2A), dyskerin pseudouridine synthase 1 (DKC1), DNA polymerase epsilon 3 (POLE3),
DNA helicase and adenosine triphosphatase (UPF1), fragile X messenger ribonucleoprotein 1 (FMR1)]. GSEA did not identify signif-
icant (q < 0.05) KEGG pathway differences between the two groups of OvC patients divided by the TL in tumor tissue. However, the
first three Top enriched pathways (listed in Supplementary Table 5) were: adenosine monophosphate-activated protein kinase (AMPK)
signaling pathway [hsa04152, genes: CD36, hepatocyte nuclear factor 4 alpha (HNF4A), P = 0.007], leukocyte transendothelial
migration [hsa04670, genes: claudin 11 (CLDN11), junction adhesion molecule 3 (JAM3), claudin 18 (CLDN18), P = 0.02], and cell
adhesion molecules (hsa04514, genes: CLDN11, JAM3, CLDN18, P = 0.023).

4. Discussion

Earlier studies suggested that OvC, a heterogeneous group of diseases with multifactorial etiopathogenesis, may exhibit telomere
dysfunction [10,11]. In addition, ovarian carcinomas appear to be strictly telomerase-dependent. More than 95 % of ovarian tumors
are hallmarked with substantial hTERT expression, a limiting factor for telomerase catalytical activity [10]. Harboring of hTERT
promoter mutation was reported in 16 % of clear cell OvC [12,13] and 50 % of granulosa cell tumors [14]. Our knowledge of shelterin
alteration in OvC is considerably modest. Yet, POT1 knockdown in OvC-derived SK-OV3 cells reduces the expression of c-Myc, trig-
gering temporary inhibition of proliferation but ultimately resulting in enhanced cell division, tumorigenicity, and histone deacetylase
inhibitor response [15].

In this, we investigated whether TL in tumor tissue and PBL from patients diagnosed with OvC may relate to their therapy response
and prognosis. Here we document, for the first time, that the response of the OvC patients to treatment is ameliorated in the patients
with shorter TL in PBL, and patients’ survival is significantly longer in patients with shorter TL in tumor tissue. We also recorded
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Fig. 8. Results of GSEA for GO terms. A) The dotplot represents the Top 10 enriched GO terms for differentially expressed genes from the therapy
response analysis. B) The dotplot shows the Top 10 enriched GO terms for differentially expressed genes from the tumor TL analysis.

intriguing associations between the mRNA expression and DNA methylation of shelterin subunits, telomerase, and TL.

Consistent with the literature, this study found that prolonged TL in tumors may implicate worse OS of patients diagnosed with
OvC. Previously, worse OS in patients with long tumor telomeres (index >1, defined as the ratio of relative mean TL of tumor cells/
stromal cells) was confirmed exclusively for clear cell histologic type but not for a whole studied set [42]. On the contrary, no rela-
tionship between OvC-specific mortality and TL likely exists in PBL, as previously shown by Kotsopoulos et al. [43].

Our data show that longer PBL TL might be bound up with the onset of therapy resistance. Those patients evaluated as resistant had
progressive tumors, low tolerance to neo-/adjuvant chemotherapy, or experienced a rapid relapse. However, conflicting results were
described by Falandry et al. [44]. In the study, the OvC patients with longer TL in lymphocytes (>5.77 kb) showed better treatment
tolerance (2.7 odds ratio) and a higher probability of therapy completion than those with shorter TL (80 % rate vs. 59 % rate) [44]. In
addition, longer lymphocyte TL was associated with less frequent unplanned hospital admissions and lower grade 3-4
non-hematological toxicity (2.14 and 2.04 odds ratio, respectively) [44]. Signs that chemotherapy may impact telomere maintenance
machinery, and thus presumably TL, have been proven in vitro. In epithelial OvC cell line HO8910, telomerase activity and hTERT
expression alternations have been shown to reflect the effect of cisplatin [45].

It should be emphasized that elevated production of TPP1, which, in complex with POT1 and telomeric DNA, recruits telomerase
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and stimulates its processivity [46], is connected to telomere elongation. We observed that tumoral TPP1 mRNA expression positively
correlates with TL, just as Yang et al. had reported the relationship between TPP1 protein levels in colorectal cancer cell lines [47]. In
addition, the study authors stated that TPP1 protein overexpression and longer telomeres are linked to radioresistance. However, we
did not find any association between shelterin-subunit mRNA level and therapy response, although the size of the studied group and
the OvC heterogeneity might have obscured the association. Furthermore, we observed that hTERT promoter methylation down-
regulates hTERT mRNA expression and leads to shorter telomeres. Previously, Widschwendter et al. related the hTERT expression in
OvC tissue only to the methylation of the whole gene, where the association was not found [48]. Besides hTERT methylation patterns,
we associated several methylation statuses of shelterin (TERFI, TERF2, POT1, RAP1) with OvC tissue TL. Our study suggests the
importance of telomere biology in the prognosis and treatment prediction of OvC patients.

Analysis of whole transcriptome profiles revealed other important candidates for further detailed studies involving telomerase
activity in ovarian tumors. Our data show that differentially expressed genes from analysis focused on OvC patients with different
lengths of telomeres in tumor tissue (divided by median value) were enriched in pathways associated with cell adhesion, AMPK
signaling pathway, and leukocyte trans-endothelial migration. In our case, the most prominent genes were JAM3, CLDN11, and
CLDN18. For the genes, we found no reported connection with ovarian carcinoma therapy resistance or telomerase activity. However,
there is evidence of an indirect role of hTERT in cell adhesion, migration (e.g., in sarcoma cancer cell line U20S) or in cancer stemness
and metastasis [49,50]. In breast cancer, in vitro and in vivo models enhanced sensitivity to doxorubicin and alteration in adhesion
pathways after h\TERT downregulation were observed [51]. These findings show another possible indirect role of telomerase biology in
the progression of OvC.

Functional annotation of differentially expressed genes based on therapy response showed alterations in the PPAR signaling
pathway (KEGG database) and tyrosine kinase signaling pathway with peptide response (GO terms). The genes enriched in these
pathways were PLIN2, ADIPOQ1, FABP4, NR4A3, KLB, LPL, PIGR and CD36. ADIPOQ1 gene is a joint member of all the above
mentioned pathways. The PPAR signaling pathway is often altered in cancer tissue, and members of this pathway (PLIN2 and ADI-
POQI) are key parts of adipocyte differentiation. The role of adipocytes in OvC progression is currently being studied, and results are
showing their importance in cancer progressiveness [52,53]. In addition, another candidate FABP4, mainly expressed in adipocytes, is
connected with OvC progression, resistance to platinum derivatives, and, thus, poor prognosis [54,55]. CD36 molecule, another
member of fatty acid metabolism associated with therapy response in our study, is also connected with OvC progression, the metastasis
process, and platinum derivatives resistance [56-58]. Moreover, CD36 is considered to be a potential therapeutic target. Novel
therapeutics such as photoactivable Pt(IV) metallodrugs targeting CD36-positive OvC cells have already been prepared and tested, and
showed their efficiency in eliminating drug-resistant OvC cells [59]. These results support the importance of adipocytes and lipid
metabolism in OvC and in cancer in general.

The study offers numerous advantages alongside certain constraints. Our current study’s merit lies in comparing TL between blood
and tumor tissue DNA in a carefully chosen and similar clinical cohort characterized by advanced stage, grade, well-documented PFI,
and shared ethnicity (Slavic Caucasian). This focus is particularly beneficial given the scarcity of studies addressing this aspect.
Furthermore, TL examination alongside the gene expression and methylation profile of the shelterin complex within the same patient
cohort adds another layer of value to our investigation. However, our study’s limitation is its relatively modest sample size, although
this is mitigated by the thorough selection and characterization of the patient group.

5. Conclusions

We compared OvC tissue TL with mRNA expression and DNA methylation data of telomerase and shelterin and analyzed TL in PBL.
This study found that prolonged TL in tumors may implicate worse OS of patients diagnosed with OvC. Our data showed that longer
PBL TL might be bound up with the onset of therapy resistance. DNA methylation analysis of shelterin and telomerase genes identified
TERF1, TERF2, TPP1, RAP1, and hTERT CpG sites at which methylation levels are associated with TL in tumors. We also found that TL
in tumors positively relates to the gene expression of TPP1 and that hTERT mRNA expression is inversely proportional to its promoter
methylation level. The study also showed the possible involvement of telomerase in the migratory potential of cancer cells and the role
of adipocytes/lipid metabolism in OvC progression.
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