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Abstract
Purpose: Stage I epithelial ovarian cancer (EOC) represents
about 10% of all EOCs and is characterized by good prognosis
with fewer than 20% of patients relapsing. As it occurs less
frequently than advanced-stage EOC, its molecular features have
not been thoroughly investigated. We have demonstrated that in
stage I EOC miR-200c-3p can predict patients' outcome. In the
present study, we analyzed the expression of long non-coding
RNAs (lncRNA) to enable potential deﬁnition of a non-coding
transcriptional signature with prognostic relevance for stage I
EOC.
Experimental Design: 202 snap-frozen stage I EOC tumor
biopsies, 47 of which relapsed, were gathered together from three
independent tumor tissue collections and subdivided into a
training set (n ¼ 73) and a validation set (n ¼ 129). Median

follow up was 9 years. LncRNAs' expression proﬁles were correlated in univariate and multivariate analysis with overall survival
(OS) and progression-free survival (PFS).
Results: The expression of lnc-SERTAD2-3, lnc-SOX4-1, lncHRCT1-1, and PVT1 was associated in univariate and multivariate
analyses with relapse and poor outcome in both training and
validation sets (P < 0.001). Using the expression proﬁles of PVT1,
lnc-SERTAD2-3, and miR-200c-3p simultaneously, it was possible
to stratify patients into high and low risk. The OS for high- and
low-risk individuals are 36 and 123 months, respectively (OR,
15.55; 95% conﬁdence interval, 3.81–63.36).
Conclusions: We have identiﬁed a non-coding transcriptional
signature predictor of survival and biomarker of relapse for stage I
EOC. Clin Cancer Res; 23(9); 2356–66. 2016 AACR.

Introduction

years from the diagnosis. This situation differs signiﬁcantly from
patients with the more commonly diagnosed EOCs of stage III/IV.
Stage I EOC is a rare disease, which is diagnosed in less than 10%
of EOC patients (1, 2). The clinical management of stage I EOC is
confounded by the difﬁculty to identify at diagnosis, the small
fraction of patients (almost 20%) who will not respond to
platinum-based therapy and will relapse with progressively resistant and fatal disease (1, 3).
Tumor grade is currently the most common prognostic parameter for stage I disease. Routinely used histologic and clinical
classiﬁers are unable to efﬁciently predict those patients who will
eventually relapse and thus could immediately beneﬁt from
different therapeutic approaches. Thus, it is of utmost importance
to identify molecular biomarkers able to predict the outcome of
patients with stage I EOC and/or to stratify such patients' risk of
relapse (4).
We have recently identiﬁed genetic and epigenetic defects in the
control of transcriptional regulation which correlate with prognosis of stage I EOC (5–7). Speciﬁcally, we have shown that
miR-200c-3p is a predictor of survival and a biomarker of relapse in
stage I EOC, independent of clinical covariates (6). Further analysis based on integration of miRNAs and gene-expression signatures, deﬁned that miR-200c-3p is an element of an integrated
signature classiﬁer (ISC) based on 16 miRNAs and 10 coding
genes that control cell-cycle progression, Activin/Inhibin pathways and Hedgehog signaling (5). The expression levels of the ISC
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Translational Relevance
The present study shows that in stage I epithelial ovarian
cancer, defects in lncRNA transcription regulation of lnc-SERTAD2-3, lnc-SOX4-1 lnc-HRCT1-1, and PVT1 are independent
prognostic markers of relapse and poor prognosis. These
ﬁndings corroborate the idea that the expression levels of the
transcripts can be used to stratify stage I ovarian cancer patients
more accurately, thus selecting the most appropriate therapies
according to their risk of relapse. In addition, the ﬁndings
provide the rationale to investigate novel therapies in the
selected stage I ovarian cancer patients' cohorts.

stratiﬁed patients' risk of relapse into high and low risk better than
conventional clinical- and histologic-based classiﬁers (5).
To allow dissection of detailed mechanisms of transcriptional
regulation associated with poor prognosis and relapse in stage I
EOC, we focused our attention on another type of non-coding
RNAs with regulatory functions: the long non-coding RNAs
(lncRNA). lncRNAs are broadly classiﬁed as transcripts longer
than 200 nucleotides without coding potential but with essential
biological properties. lncRNA genes are evolutionarily conserved
and often expressed in a tissue-speciﬁc manner (8). Although their
functions have been poorly characterized to date, evidence suggests that lncRNAs contribute to the dynamic regulation of geneexpression programs by several mechanisms (9–12). lncRNA
expression patterns correlated with various cellular processes
(13), and deregulation of lncRNA expression emerges as an
important determinant of tumor development, progression, and
therapy response (10, 14, 15). Therefore, the elucidation of the
roles of lncRNAs in tumors might allow deeper insights into the
molecular biology of cancer and improve response to therapy.
The aim of this work was to correlate for the ﬁrst time the
clinical outcome of patients with EOC stage I with expression of
lncRNAs. Correlations of this kind might help reveal biological
mechanisms that determine the response of patients with stage I
EOC to platinum-based chemotherapy, and they might suggest
novel therapeutic strategies for stage I EOC.

Material and Methods
Tissue sample collection and experimental design
A cohort of 202 snap-frozen tumor biopsies was collected from
three independent Italian tumor tissue collections, as previously
described (5, 16). Written informed consent was obtained from
all patients enrolled in the study according to the Declaration of
Helsinki principles. Patient information pertaining to anatomy
and pathology was registered, and follow-up data were obtained
from regular gynecological and oncological check-ups. The ethical
committees of the centers taking part in the study approved the
collection and the use of the samples. A detailed description of the
three cohorts is described in Table 1 and Supplementary Section
S1. Concerning the experimental design, patients were randomly
split into a 73-patient training set and a 129-patient validation set.
In the random selection histotype and grade annotations were
taken into account to achieve a homogeneous distribution of
these variables in both datasets. Except for endometrioid histotype (test of proportion P ¼ 0.0276), all the other categories were
equally distributed. The sample size in the training set was
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estimated with the powerSurvEpi ver. 0.0.9 – CRAN R package.
We wanted the sample size to be the minimal one required to
allow a statistical power greater than 0.8 to detect a statistically
signiﬁcant hazard ratio (HR) greater than 1.6 (with alpha level set
to 0.05) using a Cox proportional hazard model. The present
study was carried out following the REMARK guidelines (ref. 17;
see Supplementary Section S1 and Supplementary Table S1.1).
lncRNA expression proﬁle data analysis and signature
validation
lncRNA and gene-expression proﬁles were established according to well-standardized protocols (6, 16). Details are reported in
Supplementary Section S2. The raw data are available at Array
Express E-MTAB-1814. lncRNA expression levels were validated
by RT-qPCR as previously described (detailed in Supplementary
Section S2 and references; refs. 6, 16). miR-200c-3p expression
levels were measured with commercial available reagents
(Qiagen) following protocols previously described (6).
lncRNA subcellular localization
lncRNAs subcellular localization enrichment was measured by
microarray and RT-qPCR analyses in nuclear and cytoplasmic
extracts from 5 well-known ovarian cancer cell lines (OVCAR8,
OVCAR3, A2780, OVCA432, and CAOV3). Microarray and
RT-qPCR experiments were performed as described for lncRNAs
and mRNA expression proﬁles (for details see Supplementary
Section S3). The ﬁve ovarian cancer cell lines (OVCAR8, OVCAR3,
A2780, OVCA432, and CAOV3) were tested and authenticated
before their ultimate storage (October 2014) in cell growth
medium supplemented with an equal volume of FBS and a
double volume of "cryoprotective medium" (Lonza). Cells were
stored in liquid nitrogen.
Network and pathway analysis
lncRNA-target co-expression was identiﬁed using a network
reconstruction approach called ARACNE (upgraded with Package
parmigene ver. 1.0.2 for R-language; ref. 18). Brieﬂy, we computed
the mutual information (MI) between all mRNAs, lncRNAs and
miRNAs. Signiﬁcant interactions (MI >¼ 99th percentile of a null
distribution obtained by permutations of the dataset) were identiﬁed through the ARACNE algorithm. The co-expression network
was used to derive co-expressed interactors with the lncRNAs. A
hypergeometric test was used to select those pathways showing a
signiﬁcant enrichment in lncRNA co-expressed interactors (see
Supplementary Section S4).
For each lncRNA, we performed pathway analysis using the
microGraphite pipeline (19–21) comparing the expression proﬁles of patients with good and bad prognoses according to the
selected lncRNA expression proﬁle (median value as threshold—
see Supplementary Section S4).
Statistical analysis
All statistical analyses were carried out in R language environment (R ver. 3.3.1) unless otherwise stated. Sam-paired T test was
performed using TMEV (www.tm4.org - ver. 4.8). Univariate and
multivariate survival analyses were performed using respectively
Kaplan–Meier (KM) curves with log-rank test and the Cox model
with grade, histotype and chemotherapy as covariates. Expression
values were converted into classes High and Low for values
above and below the median, respectively. The Wilcoxon test

Clin Cancer Res; 23(9) May 1, 2017

Downloaded from clincancerres.aacrjournals.org on November 25, 2020. © 2017 American Association for Cancer Research.

2357

Published OnlineFirst November 8, 2016; DOI: 10.1158/1078-0432.CCR-16-1402

Martini et al.

Table 1. Clinical and histologic annotations
Clinical
Type
Histotypes
Clear cell
Endometrioid
Mucinous
Serous high grade
Serous low grade

Training N (%)
16 (21.9%)
19 (26.0%)
15 (20.5%)
16 (21.9%)
7 (9.6%)

Validation N (%)
21 (16.3%)
55 (42.6%)
20 (15.5%)
26 (20.2%)
7 (5.4%)

OS - CI
—
0.48 (0.19–1.25)
0.82 (0.31–2.14)
0.86 (0.34–2.19)
0.2 (0.03–1.62)

OS P value
—
0.1336
0.6852
0.7553
0.1329

PFS – CI
—
0.8 (0.34–1.9)
0.44 (0.14–1.36)
1.33 (0.57–3.12)
0.62 (0.16–2.34)

PFS P value
—
0.6202
0.1555
0.5086
0.4785

Grades

G1
G2
G3

17 (23.3%)
23 (31.5%)
33 (45.2%)

38 (29.5%)
40 (31.0%)
51 (39.5%)

—
0.86 (0.33–2.23)
1.91 (0.87–4.2)

—
0.7533
0.109

—
1.04 (0.44–2.44)
2.21 (1.06–4.6)

—
0.9348
0.0333

Type

I
II

53 (72.6%)
20 (27.4%)

88 (68.2%)
41 (31.8%)

—
1.09 (0.55–2.18)

—
0.801

—
1.66 (0.93–2.96)

—
0.087

FIGO substage

a
b
c

23 (31.5%)
4 (5.5%)
46 (63.0%)

46 (35.7%)
11 (8.5%)
72 (55.8%)

—
1.7 (0.47–6.21)
1.69 (0.81–3.55)

—
0.42
0.1634

—
1.52 (0.42–5.46)
2.11 (1.07–4.19)

—
0.5226
0.0321

Chemotherapy

no
yes
missing

16 (21.9%)
41 (56.2%)
16 (21.9%)

27 (20.9%)
95 (73.6%)
7 (5.4%)

—
0.98 (0.45–2.15)
—

—
0.9619
—

—
2.99 (1.17–7.65)
—

—
0.0225
—

N
Y
NA

62 [30–87]
52 (71.2%)
21 (28.8%)
0 (0)

61 [25–88]
101 (78.3%)
26 (20.2%)
2 (1.5%)

1.02 (1–1.05)
—
—
—

0.0769
—
—
—

1.01 (0.99–1.04)
—
—
—

0.3231
—
—
—

2 (2.7%)
2 (2.7%)
15 (20.5%)
54 (74.0%)
0 (0)
9 (1–18)
73

4 (3.1%)
5 (3.9%)
15 (11.6%)
101 (78.3%)
4 (3.1%)
6 (0–18)
129

—
—
—
—
—
—
—

—
—
—
—
—
—
—

—
—
—
—
—
—
—

—
—
—
—
—
—
—

Mean Age [min–max] years
Relapsing

Vital status at the last follow-up

AWD
DOC
DOD
NED
UNK

Mean follow-up [min–max] years
Total number of patients

NOTE: Table summarizes the main clinical and histopathologic features of 202 patients enrolled in the study and their correlation in univariate model with OS and PFS.
Patients were randomized into a training set (n ¼ 73) and a validation set (n ¼ 129). G1 ¼ Grade 1, G2 ¼ Grade 2, G3 ¼ Grade 3, AWD ¼ Awaiting Decision, DOC ¼ Dead
of Other Cause, DOD ¼ Dead of EOC, FIGO ¼ Federation Internationale des Gynaecologistes et Obstetristes; NED ¼ No Evidence of Disease.

(two-sided) was used to compare median expression levels of
relapsers versus non-relapsers. A hypergeometric test (phyper R
function) was used to compute the enrichment of ﬁrst neighbors
of lncRNAs in KEGG pathways. Test for equal proportion was
carried out using pro.test R function.

Results
Patient characteristics
Table 1 shows the histopathology of the tumor samples and the
number of patients who received post-surgical chemotherapy. All
biopsies were from patients na€ve to chemotherapy at the time of
primary surgery. Histopathologic features have been investigated,
by independent pathologists according to FIGO guidelines (22).
Subtypes and grades were evenly distributed across patients, that
is, they occurred in equal proportions between the training set
(n ¼ 73) and the validation set (n ¼ 129) as described under
Materials and Methods. The mean follow-up time was 9 years (1–
18 years) for the training set and 6 years (0–18 years) for the
validation set. At the last follow-up 76.7% of patients were still
alive (n ¼ 54, 74.0% of patients in the training set and n ¼ 101,
78.3% of patients in the validation set), and 76.7% were progression free (n ¼ 52, 71.2% of patients in the training set and
n ¼ 101, 78.3% of patients in the validation set). As to the
chemotherapy regimens used, 56.2% of patients (n ¼ 41) in the
training set and 73.6% of patients (n ¼ 95) in the validation
set received platinum-based adjuvant chemotherapy (overall
67.3%, n ¼ 136). Twenty-one of the 73 samples in the training
set (28.8%) and 26 of the 129 samples in the validation set
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(20.2%) originated from patients who relapsed after platinumbased chemotherapy. These are referred to in the following as
relapsers (overall, 23.3%, n ¼ 47). The Univariate Cox proportional hazards model (Table 1) indicates that grade "G3," substage "c" and chemotherapy were signiﬁcantly associated with
progression-free survival (PFS). No association was observed for
overall survival (OS). As detailed in Supplementary Section S1
and as published previously (16), survival models show that
this cohort is representative of stage I EOC, as PFS and OS are
similar to those reported in the literature with respect to substage, grading, and histotype (23).
Overall study design
We developed a multidisciplinary approach summarized in
Supplementary Section S1 (Supplementary Fig. S1.1) Brieﬂy, in
the training set we screened more than 5000 lncRNAs for association with OS and PFS using microarray-based expression levels.
Orthogonal multivariate analysis of both training and validation
sets by RT-qPCR identiﬁed four lncRNAs the expression levels of
which were associated with OS and PFS independent of clinical
covariates. To obtain deeper insights of biological functions of
selected lncRNAs, in vitro ovarian cancer cell lines were used as a
model to investigate subcellular localization. Three out of four
lncRNAs with prognostic relevance were clearly localized in the
nuclei allowing prediction of their roles in transcriptional regulation. On the basis of this assumption and using microGraphite
pipeline (19), we derived a subnet of a biological network
(deﬁned from now onwards as regulatory circuit) with prognostic
relevance, tightly associated with the lncRNAs expression. To
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conclude, we combined the expression signatures of both
lncRNAs and miRNAs.
Identiﬁcation of lncRNAs associated with clinical parameters
lncRNAs expression proﬁles were obtained by microarray
experiments on the training set (Supplementary Section S2). To
identify lncRNAs with potential prognostic value for stage I EOC,
we searched for lncRNAs related to disease progression. To that
end the univariate survival model was used to individually test all
5,156 lncRNA probes for their association with OS and PFS. This
strategy resulted in 67 lncRNA probes (corresponding to 63
different lncRNAs) that correlated signiﬁcantly with patients'
survival, either in terms of OS or PFS. Using grades and histotypes
as covariates, we evaluated the effects of lncRNA expression levels
on PFS or OS. Multivariate Cox proportional hazards model
selected 26 out of the 67 probes (corresponding to 25 lncRNA
genes) the expression levels of which correlated signiﬁcantly with
either OS or PFS (Supplementary Section S2 and Supplementary
Table S2.2).
Because the above analyses were based on array probe measures
obtained within a complex mixture of transcripts, orthogonal
validation of lncRNAs' expression by RT-qPCR was performed to
conﬁrm their clinical relevance. To correct for a potential batch
effect, RNA for RT-qPCR experiments was puriﬁed from a second
aliquot of snap frozen material from the same patients selected for
the training set. We were able to design primer pairs for only 10
out of 25 selected lncRNAs (see Supplementary Section S2 and
Supplementary Table S2.1), as the necessity to test for speciﬁc
isoforms of lncRNAs constituted a considerable challenge in the
design of primers compatible with RT-qPCR parameters.
Inﬂuence of lncRNAs expression on survival in the training set
RT-qPCR data obtained in the training set were used to (i)
investigate the potential correlation of selected lncRNAs with
clinical variables and (ii) stratify, at diagnosis, patients for risk
of relapse.
Table 2 shows that the expression levels of four lncRNAs,
namely lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and lncMYC-2 (also known as PVT1) were associated in both univariate
and multivariate analyses with OS and PFS (P < 0.05). Univariate
model analysis suggests that patients with low expression levels of
lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and PVT1 had longer
survival and longer PFS than those with high levels.
Figure 1A shows survival plots for the prognostic groups
identiﬁed by these four lncRNAs. KM curves plotting OS or PFS
against median expression values of each of the four selected
lncRNAs conﬁrmed these inferences. For example, patients with
high levels of lnc-SERTAD2-3 had shorter OS and PFS than those
with low levels. The respective OS medians were 35 months versus
138 months with odds-ratio (OR), 9.32; 95% conﬁdence interval
(CI), 1.91–45.32. The respective PFS medians were 45 months
versus 135 months with OR, 14.76; 95% CI, 3.07–70.97. KM plots
for lncRNAs that did not show such correlations, and median PFS
and OS values for each lncRNA, are shown in Supplementary
Section 2 (Supplementary Fig. S2.2 and Supplementary Table
S2.3, respectively).
lncRNA expression signature and survival in term of OS/PFS
including clinical features (histotypes, grades, and chemotherapy) were subjected to multivariate analysis using the Cox proportional hazards model. Expression levels of lnc-SERTAD2-3,
lnc-SOX4-1, lnc-HRCT1-1, and PVT1 are independent prognostic
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markers of survival (Table 2). Lnc-ABCB4-1 variant 1 was associated only with PFS (P ¼ 0.048 and P ¼ 0.3 for PFS and OS,
respectively) in multivariate analysis. It was therefore excluded
from downstream analysis (Table 2). No association was
observed for any of the other lncRNAs analyzed.
As for potential stratiﬁcation for risk of relapse (point ii), the
median distribution levels of normalized ﬂuorescence intensity
and the interquantile range (IQR) of each lncRNA in relapsers
(n ¼ 21) were compared with non-relapsers (n ¼ 52). Analysis
by Wilcoxon test shows signiﬁcant differences in the expression
level between relapsers and non-relapsers for ﬁve of the ten
selected lncRNAs (Table 2). Both variants of lnc-ABCB4-1 were
underexpressed in relapsers compared with non-relapsers, while
lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and PVT1 were overexpressed in relapsers.
In conclusion, the results suggest a lncRNA-based prognostic
signature for stage I EOC whose expression stratiﬁes patient risk
of relapse and is an independent prognostic marker of poor
outcome.
lncRNA signature analysis in the validation set
To demonstrate the reproducibility and the robustness of the
identiﬁed lncRNA-based prognostic signature, we validated our
results in an independent set of patients.
Data reported in Table 2 conﬁrms that the expression levels of
lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and PVT1 affect survival also in this set of patients.
Analysis by univariate model suggests that patients with high
expression levels of these four lncRNAs had a shorter survival both
in terms of OS and PFS than those with low expression
levels. Figure 1B shows the KM curves and results of the log-rank
test for the four lncRNAs both for OS (lnc-SERTAD-2 P value ¼
0.00776; lnc-SOX4-1 P value ¼ 0.0577; lnc-HRCT1-1 P value ¼
0.000587; PVT1 P value ¼ 0.000108) and PFS (lnc-SERTAD-2
P value ¼ 0.000429; lnc-SOX4-1 P value ¼ 0.0197; lnc-HRCT1-1
P value ¼ 5.92e06; PVT1 P value ¼ 2.67e07). For each lncRNA,
the complete median values for PFS and OS with relative OR
and CI are shown in Supplementary Table S2.4 (Supplementary
Section S2).
Analysis by the Cox proportional hazard model revealed that
lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and PVT1 are signiﬁcant prognostic factors for OS and PFS even when corrected for
grade, histotypes and chemotherapy (Table 2).
Comparing the median expression value of selected lncRNAs
between relapsers (n ¼ 26) and non relapsers (n ¼ 101),
we observed that lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1,
and PVT1 were signiﬁcantly over-expressed in tumor biopsies
of the relapsers compared with non relapsers (Table 2). Stage I
EOC is not one single disease and patient characteristics differ
in terms of histotype. Therefore, we questioned whether the
prognostic value of selected lncRNA signatures is maintained
across different histotypes (Table 3). Multivariate analysis
performed on the entire cohort of patients (n ¼ 202) suggests
that the predictive value of lnc-SERTAD2-3, lnc-SOX4-1, lncHRCT1-1, and PVT1 is independent of histologic covariates
(Table 3).
Subcellular localization of lncRNA
Understanding how lncRNAs give rise to speciﬁc patterns of
gene expression requires the knowledge of their cellular localization. Although the knowledge of the mechanisms of action of
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1.3 (1.0–1.7)
1.9 (1.3–2.6)
1.6 (1.3–2.1)
1.1 (0.9–1.4)
1.54 (1.3–1.9)
1.1 (0.9–1.3)
0.7 (0.5–1.0)
0.8 (0.5–1.1)
1.1 (0.9–1.3)
1.7 (1.3–2.2)
1.3 (1.0–1.5)
1.6 (1.3–2.0)
1.7 (1.3–2.2)
1.5 (1.3–1.9)
1.6 (1.3–1.9)

4.29e04
0.02
5.92e06
2.67e07

2.2e05
2e04
2.09e05
1.24e05

0.05
4e04
2e04
0.16
2.1e05
0.29
0.05
0.19
0.33
3e04
0.02

PFS
Multivariate analysis
HR high vs. low
(95% CI)
Pa

0.77
9.31e05
1.14e04
0.91
2.6e04
0.85
6.71e03
0.09
0.77
8.83e04
0.23

P

Univariate analysis

237.7 (86.0–549.8)
274.7 (117.9–660.4)
131.2 (66.6–327.7)
551.2 (207.8–2375.9)

14 (1.8–84.3)
113.01 (39.3–299.6)
10.1 (3.1–50.7)
58.7 (15.2–184.8)

56.4 (28.4–163.4)
18.6 (3.3–58.9)
57.3 (19.6–114.7)
15.3 (4.0–60.1)
15.7 (4.1–38.9)
19.9 (4.3–82.6)
492.6 (294.9–955.6)
438.3 (201.4–800.2)
6.9 (2.0–13.8)
26.8 (4.6–65.8)
6.1 (1.7–18.9)

Median (IQR)

8.4
3.5
26.5
5.5

4.1
10.3
11.3
2.1
12.1
6.1
0.2
0.3
1.4
87.3
1.1

Ratio

Relapsers versus nonrelapsers
Nonrelapsers

66.3 (30.1–148.4)
150.1 (63.5–365.4)
287.3 (159.9–795.2)
15.1 (3.6–85.2)
96.4 (56.3–258.9)
16.9 (2.0–76.0)
151.4 (67.6–390.8)
230.9 (89.9–427.1)
4.4 (2.3–24.7)
563.7 (237.3–1295.1)
9.2 (4.1–29.6)

Median (IQR)

Relapsers

6e07
5.29e03
2.1e06
1e07

0.80
1.21e07
1.73e07
0.89
3.41e07
0.80
5.02e03
0.01
0.93
7e09
0.23

Pb

NOTE: RT-qPCR expression levels of selected lncRNA were correlated to OS and PFS in both univariate and multivariate analysis. Data from the training set are reported in the upper part, whilst those for the validation set are
reported in the lower part. P values indicate the signiﬁcance level of the univariate log-rank test; Table summarizes the median distribution (IQR) of ﬂuorescence intensity, normalized, for both relapsers (n ¼ 21 and n ¼ 26 in
training and validation set, respectively) and non relapsers (n ¼ 52 and n ¼ 101 in training and validation set, respectively). Ratio is the median distribution of relapsed compared to non relapsers. CI is the conﬁdence interval.
In bold are highlighted the lncRNAs found signiﬁcant in both OS and PFS models. lnc-ABCB4-1 is reported with two different transcriptional variants (var1 and var2).
Pa indicates the level of signiﬁcance of Cox proportional hazard model.
Pb is the level of signiﬁcance according to the two sides Wilcoxon t test.

Table 2. Correlation of lncRNA expression to OS and PFS
OS
Univariate analysis
Multivariate analysis
HR high vs. low
P
(95% CI)
Pa
Training set
lnc-VSTM2B-9
0.57
1.3 (1–1.8)
0.07
lnc-SERTAD2-3
1.24e03
2.0 (1.3–3.1)
0.0014
lnc-SOX4-1
9.13-e04
1.8 (1.3–2.4)
4e04
lnc-ST3GAL1-1
0.58
1.1 (0.9–1.4)
0.19
lnc-HRCT1-1
7.13e04
1.5 (1.2–1.9)
2e04
lnc-PHF15-2
0.80
1.1 (0.8–1.4)
0.57
lnc-ABCB4-1 var1
0.17
0.8 (0.6–1.2)
0.30
lnc-ABCB4-1 var2
0.54
0.9 (0.6–1.4)
0.70
lnc-LRIG2-4
0.94
1.2 (1.0–1.5)
0.08
PVT1
1.23e03
2.1 (1.4–3.3)
4e04
lnc-RAB40AL-2
0.12
1.3 (1.1–1.6)
0.01
Validation set
lnc-SERTAD2-3
7.76e03
1.4 (1.1–1.7)
3.1e03
lnc-SOX4-1
0.06
1.4 (1.0–1.8)
0.02
lnc-HRCT1-1
5.87e03
1.4 (1.1–1.7)
1.5e03
PVT1
1.08e03
1.3 (1.1–1.6)
4.2e03
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Figure 1.
Kaplan–Meier curves for lncRNA signature. Figure shows the Kaplan–Meier curves of OS and PFS for lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and PVT1 in the
cohort of 73 stage I EOC patients of the training set (left, panel A) and on the 129 stage I EOC patients of the validation set (right, panel B). lncRNAs expression
levels were converted into discrete variables by dividing the samples into two classes (high, red; low, green), under or over the median. Survival is reported in
months (x axis).

lncRNAs is still rudimentary, it is reasonable to assume that the
cellular localization of lncRNAs affects their function. Nuclear
lncRNAs seem to control transcriptional regulation, whereas
cytoplasmic lncRNAs act mainly at the post-transcriptional level.
To characterize more accurately the functions of our lncRNAsbased prognostic signature, genome-wide sub-cellular localization studies were performed in ﬁve different in vitro cellular
models of EOC (OVCAR3, OVCAR8, A2780, OVCA432, and
CAOV3). Abundance of lncRNAs was analyzed in nuclear- and
cytoplasmic-enriched fractions. Focusing only on those probes
with shared signals across the ﬁve cell lines, the analysis identiﬁed
513 and 480 lncRNAs probes enriched, respectively, in the nucleus or in cytoplasm (Supplementary Section S3, Supplementary
Fig. S3.1 and S3.2, respectively). Robustness of the nuclear and
cytoplasmic separation protocols and analyses is supported by
conﬁrmation of the nuclear localization of MALAT1, NEAT1,
TUG1, and XLOC_005764, and the cytoplasmic localization
DANCR/KIAA0114 and SNHG, consistent with the literature
(24–29).

www.aacrjournals.org

Expression of lnc-SOX4-1, lnc-SERTAD2-3, and PVT1 was higher
in the nuclear fraction than in the cytoplasm. lnc-HRCT1-1 was not
differentially localized in the cell lines. It was excluded from
downstream experiments. The nuclear enrichment of selected
lncRNAs was conﬁrmed in all cell lines by RT-qPCR validation
(see Supplementary Fig. S3.3). These results are consistent with
the hypothesis that the investigated lncRNAs regulate genome
wide transcription regulation, either stabilizing interactions
between different proteins or targeting transcription factors to the
site of action.
Network analysis: lnc-SOX4-1, lnc-SERTAD2-3, and PVT1
On the basis of the hypothesis that the selected lncRNAs regulate
transcription, we generated a co-expression network using matched
protein coding genes with expression proﬁles of lncRNAs and
miRNAs (28), to identify genes that are potentially co-regulated
with lncRNAs (see Supplementary Section S4). Matched miRNAs
expression proﬁles were extracted from 183 patients previously
proﬁled by our group (ref. 16; Array Express E-MTAB-1067).
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Table 3. Cox model with lncRNAs and histotypes
Multivariate OS (lncRNA Exp þ histotypes)
HR (95% CI)
P
Clear cell
—
—
Endometrioid
0.28 (0.1–0.77)
0.013
Mucinous
0.34 (0.12–0.98)
0.045
Serous high grade
0.42 (0.15–1.14)
0.089
Serous low grade
0.15 (0.02–1.18)
0.071
lnc-SOX4-1 Exp
1.57 (1.32–1.85)
1.997e07

Multivariate PFS (lncRNA Exp þ histotypes)
HR (95% CI)
P
—
—
0.36 (0.14–0.92)
0.032
0.13 (0.03–0.52)
0.003
0.55 (0.22–1.41)
0.215
0.44 (0.12–1.71)
0.237
1.62 (1.39–1.88)
4.863e10

Clear cell
Endometrioid
Mucinous
Serous high grade
Serous low grade
lnc-SERTAD2-3 Exp

—
0.34 (0.13–0.94)
0.5 (0.18–1.41)
0.59 (0.22–1.55)
0.16 (0.02–1.27)
1.48 (1.26–1.73)

—
0.037
0.19
0.284
0.082
9.357e07

—
0.41 (0.16–1.06)
0.19 (0.05–0.73)
0.76 (0.31–1.86)
0.44 (0.11–1.69)
1.67 (1.43–1.94)

—
0.066
0.015
0.543
0.229
7.654e11

Clear cell
Endometrioid
Mucinous
Serous high grade
Serous low grade
lnc-HRCT-1 Exp

—
0.3 (0.11–0.81)
0.34 (0.12–0.99)
0.49 (0.19–1.31)
0.14 (0.02–1.11)
1.4 (1.24–1.58)

—
0.017
0.046
0.154
0.062
4.418e08

—
0.33 (0.13–0.86)
0.11 (0.03–0.43)
0.63 (0.26–1.55)
0.35 (0.09–1.39)
1.5 (1.35–1.68)

—
0.023
0.0017
0.311
0.135
1.625e13

Clear cell
Endometrioid
Mucinous
Serous high grade
Serous low grade
PVT1 exp

—
0.19 (0.06–0.58)
0.48 (0.17–1.34)
0.41 (0.15–1.13)
0.1 (0.01–0.82)
1.43 (1.26–1.62)

—
0.0032
0.161
0.085
0.031
1.909e08

—
0.18 (0.06–0.53)
0.18 (0.05–0.7)
0.48 (0.19–1.24)
0.27 (0.07–1.07)
1.54 (1.37–1.74)

—
0.0019
0.0131
0.1303
0.062
1.591e12

NOTE: The table summarizes multivariate OS and PFS analyses for the four lncRNAs using the histotypes as covariate in the entire cohort of patients. P indicates the
level of signiﬁcance of the Cox proportional hazard model.

For each of the three prognostic lncRNAs, we isolated the most
highly correlated genes and computed pathway enrichment. We
used the microGraphite pipeline to identify circuits associated
with lncRNAs (19). The term circuit refers to a subnet of a
biological network closely related to lncRNAs expression proﬁle.
Circuits associated with the expression of PVT1 and lnc-SOX4-1

were highly interconnected, whereas no circuits could be identiﬁed for lnc-SERTAD2-3, probably due to the small number of ﬁrst
neighbors identiﬁed (see Supplementary Section 4, Supplementary Fig. S4.1 and S4.2).
Figure 2 shows the main genes that in patients with poor
prognosis are upregulated and potentially affected by the

Figure 2.
Integrated model of transcriptionalbased classiﬁer associated to poor
prognosis in stage I EOC.
Reconstructed regulatory circuit
obtained by the combination of lncSOX4-1 and PVT1 transcriptional
networks associated to poor prognosis.
All the genes represented are highly
expressed in patients with poor
prognosis. MAPK8 and ACTB gene
products interact with MYC protein
according to BioGrid database. The
orange arrows have been inferred by
data (lnc-SOX4-1 to TGFb) or derived
from literature (TGFb to PVT1). Blue
arrows represent nuclear translocations
and pink arrows represent indirect
interactions. Red arrows describe
genuine interaction represented in
KEGG pathways.
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Figure 3.
Kaplan–Meier curves stratifying patients
according to PVT1, lnc-SERTAD2-3 and miR200c-3p combined expression. Three classes
were built: class "triple high risk" (3 high risk, red)
contains patients with both lncRNAs' expression
above their median and miR-200c-3p below its
median; class "triple low risk" (3 low risk, green)
contains patients with both lncRNAs' expression
below their median and miR-200c-3p above
the median; class "Mixed" (orange) contains all
other patients.

altered expression of PVT1 and lnc-SOX4-1 genes. Our data
suggest that patients with poor prognosis, that is, those with
high levels of PVT1 or lnc-SOX4-1, presented at least two altered
signal paths known to be involved in tumor development
(29–31). The ﬁrst one involves TNFRSF1A—TRAF2—PIK3/
AKT. The second one starts from TGFb and proceeds through
MAPK8/9/10 involving FOS/JUN. Both signals sustain processes
related to cell cycle, proliferation, antiapoptosis, inﬂammation
and metastasis. These results need to be interpreted in the light
of the fact that WASF1/2 (also known as WAVE1) is actively
transcribed and co-expressed with PVT1 in relapsers and in
patients with poor prognosis (Fig. 2). WAVE1 has been
reported to induce proliferation by inducing PIK3/AKT. The
silencing of this gene has been suggested to reduce malignant
behavior (32).
Identiﬁcation of a non-coding signature with prognostic
relevance
To evaluate the prognostic performance of the combination of
the three selected prognostic lncRNAs, we performed a multivariate survival analysis using both clinical variables (grade, histotypes and chemotherapy treatment regimens) and expression of
PVT1, lnc-SOX4-1, and lnc-SERTAD2-3. The model identiﬁed as
signiﬁcant the grade (OS, P ¼ 0.0418 and PFS P ¼ 0.00382), and
the expression of PVT1 (OS P ¼ 0.0043 and PFS P ¼ 0.00372) and
lnc-SERTAD2-3 (OS P ¼ 0.0214 and PFS P ¼ 0.00045). The
presence of lnc-SERTAD2-3 rather than lnc-SOX4-1 in the ﬁnal
model was expected given the strong correlation between lncSERTAD2-3 and lnc-SOX4-1. Using a stratiﬁcation based on PTV1
and lnc-SERTAD2-3 expression simultaneously, we achieved better prediction of patients' relapse and survival than when each
biomarker was employed alone.

www.aacrjournals.org

miR-200c-3p was previously identiﬁed by our group as a predictor of survival and a biomarker of relapse in stage I EOC (6).
Close inspection of the network with the microGraphite pipeline
showed that miR200c-3p is an element of the PVT1 circuit
(Supplementary Fig. S4.1). To improve further on the deﬁnition
of an epigenetic non-coding signature with prognostic relevance
for stage I EOC, patients' risk of relapse was analyzed using
the expression of miR-200c-3p, lnc-SERTAD2-3, and PVT1.
miR-200c-3p expression values in the entire cohort of patients
were newly generated and differences in expression levels between
relapsers and non relapsers were conﬁrmed to be signiﬁcant (see
Supplementary Section S2, Supplementary Table S2.5).
We deﬁned a "triple high risk" group of patients on the basis of
gene-expression levels in their tumor biopsies, where expression
levels of PVT1 and lnc-SERTAD2-3 were elevated above their median,
whilst levels of miR-200c-3p were decreased below its median.
Likewise, there was a "triple low-risk" group of patients consisting
of those whose tumor biopsies were characterized by expression
levels of PVT1 and lnc-SERTAD2-3 that were reduced below their
median and those of miR-200c-3p that were increased above its
median. The remaining combinations of risks (2 high and 1 low, 2
low 1 high) were combined into the "mixed-risk" group.
Figure 3 shows KM survival curves of these three groups.
Stratiﬁcation was statistically more signiﬁcant than that observed
when PFS was plotted against any single biomarker (PFS P value ¼
1e20). Using all 202 stage I EOC patients, patients in the "triple
high-risk" group had median PFS of 41 months. Patients belonging to the "triple low-risk" group had a median PFS of 131 months
(OR, 359.22; 95% CI,18.47–6986.51). Differences in OS were
similar; "triple high-risk" and "triple low-risk" patients presented
with median OS values of 36 and 123 months, respectively (OR,
15.55; 95% CI, 3.81–63.36).
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Discussion
The results presented in this study pinpoint a prognostic role
for transcriptional-based classiﬁers in the prediction of relapse
and outcome of patients with stage I EOC. Two main ﬁndings
emerge from data. Firstly, the expression levels of the four
lncRNAs lnc-SERTAD2-3, lnc-SOX4-1, lnc-HRCT1-1, and PVT1
are independent prognostic markers of relapse and survival.
Second, the combined analysis of the expression proﬁle of
PVT1, lnc-SERTAD2-3, and miR-200c-3p can stratify patients'
risk of relapse into three discrete classes, high risk, mixed, and
low risk. This provides for the ﬁrst time a non-coding signature
with prognostic relevance for stage I EOC.
In the clinical management of stage I EOC, histopathologicbased classiﬁers, such as FIGO sub-stage and tumor grade, have
been hitherto the benchmarks to guide therapeutic decisions.
Patients with grade 2 and 3, sub-stage c are routinely treated with
adjuvant platinum-based chemotherapy, whilst patients with
grade 1, sub-stage a, do not receive any chemotherapy after
surgery. It is now recognized that differences within stage I EOC
are based on histotype, that is, high- and low-grade serous,
endometrioid, mucinous, and clear cells. Each histotype is characterized by different cell morphology, biological behavior and
response to therapy (16). Platinum-based therapy is the standard
of care shared by these different histologic subtypes. Although the
vast majority of stage I EOC patients respond to standard treatment, about 20% of tumors recur and patients ultimately die of
resistant disease. The current challenge is to identify those molecular features with prognostic signiﬁcance that are able to identify
at diagnosis those patients at high risk of relapse who would
beneﬁt from different treatments, because they beneﬁt little or not
at all from standard protocols.
A lot of the research into ovarian cancer focused on the role of
protein-coding genes and miRNAs in high-grade serous disease,
the most common histotypes (33). This focus neglected the
biological and clinical issues associated with stage I EOC, probably because of the rarity of this disease. Less than 10% of EOC are
diagnosed as stage I confounding statistical and clinical interpretations. Another reason may be the controversial relationship
between stage I and stage III. In contrast with models applied to
other solid tumors such as colon cancer, stage I disease is no longer
being considered an "early" phase of advanced EOCs. A recent
revision of the FIGO classiﬁcation and results pertaining to the
possible pathogenesis of EOC suggest that stage I, especially in the
case of non-relapsers, might be a disease completely different
from stage III–IV (22).
Previous studies have identiﬁed coding and non-coding transcriptional-based classiﬁers, with prognostic relevance for stage I
EOC (5–7). Speciﬁcally, miR-200c-3p was found to be a biomarker
of survival and relapse in stage I EOC being a part of a complex
prognostic network consisting of 10 coding genes and 16 miRNAs. This integrated signature classiﬁer (ISC) was used to stratify
patients into classes of risk. The ISC performance was better than
conventional clinic pathologic-based classiﬁers in terms of sensitivity and speciﬁcity, and it was independent of all clinical and
histologic covariates (5).
The present study further corroborates the prognostic importance of epigenetic mechanisms. It is becoming clear that the vast
majority of the genome is transcribed into complex families of
non-coding RNAs, of which miRNAs are only a small fraction.
Non-coding RNAs can be grouped into 2 major classes: short
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RNAs, less than 200 bp long (e.g., miRNAs, small nuclear RNAs,
PIWI-interacting RNAs), and lncRNAs, ranging from approximately 200 bp to 100 kb. The mammalian genome encodes
thousands of lncRNA genes, but only few of them have to date
been functionally characterized. Many lncRNAs exert interesting
biological functions, including evolutionary conservation (8),
disease and tissue-speciﬁc expression (13), chromatin remodeling
(34), and reprogramming of induced pluripotent stem cells (35).
It has also been reported that lncRNAs modulate apoptosis and
invasion (34), and reﬂect cell fate (36). For these reasons lncRNAs
are nowadays considered to be major regulatory components of
the eukaryotic genome.
Although a detailed biological and functional characterization the lncRNAs identiﬁed here was not the goal of this work,
there are some key issues that deserve to be highlighted. PVT1,
one of the best functionally characterized lncRNAs, is known to
act as an oncogene. Consistent with currently known mechanisms of action of PVT1, we found that PVT1 was overexpressed
in tumor biopsies of stage I EOC patients with poor prognosis.
PVT1 is located near the MYC locus on human chromosome
8q24, and forms a cluster of MYC-activating chromosomal
translocation breakpoints in different solid and hematologic
malignancies (37). Co-ampliﬁcation of human MYC and PVT1
was reported to correlate with rapid progression of breast
cancer and with poor survival of post-menopausal or HER2positive breast cancer patients (38). In multiple myeloma,
rearrangements of the PVT1 region have been shown to correlate with patients' resistance against therapy (39). The recent
discovery of a miRNA cluster (miR-1204, miR-1205, miR-1206,
miR-1207, and miR-1208) within the PVT1 genomic DNA
region suggests complex regulation networks within the
MYC-PVT1 locus (40). In our cohort of patients, genomic
analysis failed to identify any co-ampliﬁcation of PVT1 or MYC
locus genes, suggesting that increased expression of the PVT1
gene cannot be due to structural changes in DNA, like copynumber variation (Supplementary Section 5).
Upregulation of PVT1, mediated by TGFß1, has been demonstrated to control cellular proliferation and stem cell properties in
hepatocellular carcinoma (41). In the lnc-SOX4-1 circuits, TGFß1
is upregulated in patients with poor prognosis. These facts suggest
a functional link between PVT1 and lnc-SOX4-1 that deserve
future investigation. As summarized in Fig. 2, our data suggest
that the network engaged by the PVT1 and lnc-SOX4-1 circuits
share some important genes, like AKT, PIK3 family and the MAPK
family. As mediators of cell proliferation and cell-cycle progression, they may play a key role in driving tumor relapse in stage I
EOC.
It has recently been demonstrated that among the different pathways leading to AKT/PIK3 activation, IGF-1R and
EGFR/ERBB2 are directly involved in platinum resistance of
breast and ovarian cancer cell lines (42). Our results are
consistent with this notion suggesting that IGF-1R and
EGFR/ERBB2 were upregulated in patients with poor prognosis
leading to the activation of AKT/PIK3 and MAPK. Moreover, we
found the upregulation of WASF1 (also known as WAVE1) a
strong promoter of invasiveness and metastasis acting via
AKT/PIK3 and MAPK signaling pathways (32).
Relapsing patients presented with upregulated genes that sustained AKT/PIK3 pathways, where AKT is a hub. This ﬁnding
provides the rational for the use of AKT inhibitors in those
patients with a prognostically negative gene signature (29).
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