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Abstract

isomiRs, the sequence-variants of microRNA, are known to be tissue and cell type

specific but their physiological role is largely unknown. In our study, we explored for

the first time the expression of isomiRs across different Stage I epithelial ovarian can-

cer (EOC) histological subtypes, in order to shed new light on their biological role in

tumor growth and progression. In a multicentric retrospective cohort of tumor biop-

sies (n = 215) we sequenced small RNAs finding 971 expressed miRNAs, 64% of

which are isomiRs. Among them, 42 isomiRs showed a clear histotype specific pat-

tern, confirming our previously identified miRNA markers (miR192/194 and

miR30a-3p/5p for mucinous and clear cell subtypes, respectively) and uncovering

new biomarkers for all the five subtypes. Using integrative models, we found that the

38% of these miRNA expression alterations is the result of copy number variations
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while the 17% of differential transcriptional activities. Our work represents the first

attempt to characterize isomiRs expression in Stage I EOC within and across subtypes

and to contextualize their alterations in the framework of the large genomic

heterogeneity of this tumor.
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Whats' new?

Little is known about the molecular characteristics that distinguish the subtypes of Stage I ovarian

cancer. The expression profile of microRNA (miRNA) can be used to distinguish certain subtypes

and also help predict survival. Here, the authors cataloged the array of miRNA variants, called iso-

miRs, expressed in a cohort of Stage I epithelial ovarian cancers and investigated their biological

role in tumor growth and progression. Different tumor subtypes could be distinguished by the col-

lection of isomiRs they expressed, and many of these isomiRs result from copy number variations

and changes in transcription factor activity, suggesting a role in tumor evolution.

1 | INTRODUCTION

Epithelial ovarian cancer (EOC) is one of the most lethal gynecologic

diseases, with survival rate virtually unchanged over the last 30 years.

Patients with disease limited to the ovary (FIGO, Stage I) represent

10% to 20% of all EOC and have a 5-years survival rate close to 80%.

In contrast, when the disease is diagnosed in the upper abdomen or

beyond (FIGO stages III and IV), that is the majority of cases, the sur-

vival rate is lower than 20%.1

Although large efforts have been made to study the molecular

heterogeneity of Stage III/IV, Stage I tumors have been largely over-

looked, mainly because of their infrequent nature—which limits

recruitment of sizable cohorts of cases—and their histological hetero-

geneity. Stage I encompasses five distinct histological subtypes (high

grade serous, HGSOC; low grade serous, LGSOC; clear cells, OCCC;

mucinous, MOC; endometrioid, EC), with different tissue of origin,

peculiar genetic lesions, response and outcomes to standard treat-

ments.2 On a sizable and unique cohort of Stage I EOC our group has

investigated the molecular differences that characterize each subtype

and its prognosis. We demonstrated that: (i) the expression profile of

a subset of miRNA acts as histotype specific biomarker for clear cell

and mucinous subtypes (miR-30a-5p/3p and miR-192/194, respec-

tively)3; (ii) miR-200c is an independent prognostic biomarker of sur-

vival4 and it is part of a more complex network composed of miRNAs,

coding genes and lncRNAs which together predict patients relapse

better than conventional classifiers based on anatomo-pathology5-7;

(iii) each subtype can be further subclassified into three genomic pro-

files based on the length and the extent of somatic copy number alter-

ation.8 Overall, these findings suggest that the biology of Stage I EOC

is more complex than depicted by histopathological data, and that a

more detailed knowledge of its molecular events is mandatory to

improve patients' clinical outcome.

Several novel miRNA sequence variants (isomiRs) have been

recently detected alongside their canonical counterparts with the

massive use of next generation sequencing technology. Many studies

demonstrated that isomiRs are physiological events occurring in both

normal and pathological tissues. IsomiRs results from enzyme medi-

ated RNA sequence modifications and differs from the canonical

sequence in length, sequence or both.9

A recent classification categorizes isomiRs into at least two clas-

ses. The first is characterized by the presence of single nucleotide

polymorphisms (SNPs) in the canonical miRNA sequences. This modi-

fication can cause changes in miRNAs expression, processing, and

functions.10-13 The second is characterized by alterations at the 50 and

30 ends generated during the miRNA maturation process.9,14-19 These

small molecular changes in length and sequence could be responsible

for seed modification, which ultimately results in a possible “targe-
tome shifting.”20-22 Although functional data are largely incomplete,

isomiRs are expected to influence miRNAs stability23,24 and their sub-

cellular localization,25,26 with their function not completely overlap-

ping with that of their canonical counterparts.

Given their regulatory functions in key cellular processes and

their tissue-specificity, a more comprehensive knowledge of isomiR

expression in tumor seems desirable.

In our study, we profiled the entire repertoire of miRNAs and iso-

miRs expressed on a unique cohort of 215 Stage I EOC samples with

the aim to: (i) provide the first catalog of isomiRNAs in Stage I EOC

different histological subtypes; (ii) infer the molecular mechanisms,

transcription factor (TF) activity and copy number variation (CNV),

driving and sustaining isomiR alterations.

2 | MATERIALS AND METHODS

2.1 | Study cohort

A unique retrospective cohort of 215 snap-frozen tumor biopsies was

selected from a tumor tissue collection of 225 Stage I EOC stored in

1990 VELLE ET AL.

 10970215, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34408 by C

ochraneItalia, W
iley O

nline L
ibrary on [26/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Pandora biobank at IRCCS Istituto di Ricerche Farmacologiche Mario

Negri (Milano, Italy) (Table 1) as previously published.3-7,27 Patients

were enrolled from two independent Italian clinical centers: 172 from

San Gerardo Hospital (Monza, Italy), and 53 from Sant'Anna Hospital

(Torino, Italy) from 1989 to 2018. All the samples were revised by an

independent pathologist following the current guidelines of the World

Health Organization for EOC.28

2.2 | RNA extraction

Total RNA enriched in miRNA fraction was purified from all the

snap-frozen tumor samples using the miRNeasy kit (Qiagen, Hilden,

Germany), starting from about 25 mg of tissue biopsies. The proce-

dure was carried out exploiting the automatic nucleic acid purifica-

tion platform QIAcube (Qiagen, Hilden, Germany). The quantity and

the quality of the purified RNA were evaluated with Qubit RNA

Broad Range High Sensitivity Assay Kit (Invitrogen, Carlsbad, CA)

and 4200 Tapestation (Agilent Technologies, Santa Clara, CA),

respectively.

2.3 | miRNA library preparation and sequencing

miRNA sequencing was carried out on the snap-frozen samples using

the QIAseq miRNA Library kit (Qiagen, Hilden, Germany) starting from

100 ng of purified RNA.

In each sequencing experiment, 48 libraries were pooled

together and sequenced on NextSeq 500 in 1 � 75 base pair

(bp) mode (Illumina, San Diego, CA). The sequencing coverage and

quality statistics for each sample are summarized in Supplementary

Table S1.

TABLE 1 Summary of the patients' clinicopathological features

Clinical annotations Number of patients % of patients Number of patients with FU Median FU [IQR 1-3]

Histology and grade

Mucinous 38 11.2 y [7.2 y-14.3 y]

G1 26 13

G2 10 5

G3 1 0.5

n.d 1 0.5

Clear cells 28 14 26 6 y [2.8 y-14.5 y]

Endometrioid 78 9.9 y [6.5 y-14.5 y]

G1 14 7

G2 38 19

G3 29 14

Low grade serous 19 9 19 14.2 y [10.4 y-17.1 y]

High grade serous 37 18 35 7.3 y [5.3 y-16.3 y]

FIGO substages

A 68 33

B 14 7

C 117 58

n.d 4 2

Median age at diagnosis [min-max]; 54.9 y [16.5 y-89.3 y]

Chemotherapy

Yes 146 72

No 51 25

n.d 6 3

Relapse

Yes 43 21

No 147 72

n.d 13 7

OS [IQR 1–3] 10.1 y [6.2 y-15.5 y]

PFS [IQR 1–3] 8.7 y [4.9 y-14.5 y]

Total number of patients 203

Abbreviations: FU, follow-up; G, grade; OS, overall survival; PFS, progression free survival.

VELLE ET AL. 1991
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2.4 | RNA-seq data preprocessing

Reads were trimmed using Atropos,29 removing the adapters only when

the overlap between the adapter and the read was at least eight bases.

Only reads with at least 17 bp were used for the following analyses.

Trimmed reads were aligned to harpins with Bowtie30 (v 1.2.3) using

the following parameters: -k 50 -a --best --strata -e 99 999 --chunkmbs

2048 -q --seed 123 456. The Bowtie index was built starting from

human hairpins fasta file available at miRBase. After the alignment, iso-

miRs detection and quantification was performed exploiting the mir-

top31 pipeline using the miRBase gff3 file32 (miRBase v22).

The raw counts were annotated using isomiRs R package, assign-

ing to each isoform a specific name following this nomenclature:

“miRNA_name;isotype:nucleotide_change,”33 lowercase nucleotides

changes indicate that the base is lost in comparison to the reference

sequence, otherwise the nucleotide is included. For normalization and

batch correction we exploited the RUVSeq R package.34 Under the

assumption that the two batches (namely the two independent clinical

centers) should not be different in terms of miRNA expression, we

provide as negative controls the list of the top 60 differentially

expressed genes between batches setting to three the number of nor-

malization factors. Finally, miRNAs were filtered to have at least five

counts in at least 10% of the samples. To compare longitudinal and

bilateral samples we used the most variable genes defined as the top

100 genes ordered by SD.

2.5 | Differential analysis and biomarker detection
among the five Stage I EOC histotypes

To identify the differentially expressed miRNA (hereafter called DEM)

we used the edgeR R package.35 We provided as input the filtered

raw counts with the design matrix defined by the dicotomous vari-

ables for the histotypes and the three estimated RUV factors for data

normalization and batch correction (see Section 2.4). False discovery

rate (FDR) less than 0.05 was used to select significant miRNA.

To identify among the list of DEM the biomarker miRNA (defined as

those miRNA with a high predictive role) for each histotype, we imple-

mented a resampling-based inferential algorithm in three steps: (1) ran-

dom selection of 70% of the samples (keeping the proportions among

histotypes); (2) identification of differentially expressed miRNA among

the five histotypes (FDR < 0.1); (3) Selection of isomiRs which are signifi-

cantly overexpressed in one histotype in respect to each of the others.

These steps have been repeated 1000 times and only isomiRs selected

in at least 800 resampling have been selected as histotype markers.

2.6 | miRNA and isomiRNA target prediction

PITA miRNA target prediction tool36 was used to study target varia-

tions among different miRNA isoforms. We provided the list of 30

UTR sequences of all known genes as potential targets and the

sequences of histotype markers and differentially expressed isomiRs

as potential regulators. Default options were used. Finally, the candi-

date targets (with a cutoff of �9 for PITA) of a given isomiR were

compared to the targets of the corresponding reference miRNA. Clus-

terProfiler Bioconductor package37 has been used to identify

significantly enriched pathways within each list of targets.

2.7 | Shallow Whole Genome Sequencing (sWGS)
data analysis and integration

KAPA HyperPrep kit was exploited to perform low coverage whole

genome sequencing (sWGS) and experiments were run according to

the manufacturer's instructions (Roche, Basel, Switzerland). In those

cases where tumor content cannot be evaluated by the pathologist,

the Absolute Copy Estimator (ACE) tool was used to infer the tumor

purity and ploidy of each sample based on the results of Single Nucle-

otide Variants (SNVs) calls obtained from an in house designed panel

of 139 coding genes. Absolute SCNAs profiles within each histotype

were analyzed by Genomic Identification of Significant Targets in

Cancer algorithm (GISTIC). The sequencing quality statistics for each

sample are summarized in Supplementary Table S2.

2.8 | Copy number variation and expression
integration

The copy number status was quantified using the segment mean value

returned by the Absolute Copy number Estimator (ACE) software.38

This value represents the expected number of copies for a given

genome segment, and this value is assigned to all genes contained in

the segment. For all miRNAs found at different loci, the final copy

number status is obtained by calculating the sum of the copy number

status of the loci.

To study the association between isomiR expression and their

copy number status, we used a generalized linear model as implemen-

ted in the edgeR R package. We estimated a model for each miRNA

where the raw miRNA counts were the independent variable and the

copy number values across samples and the RUV factors for the nor-

malizations were used as covariates. Likelihood ratio test was used to

test the significance of the parameter associated with the SCNA vari-

able, a significant estimate means a significant association between

isomiR expression and its CNV. For this analysis the miRNA expres-

sion has been considered the ensemble of its isotypes.

IsomiRs with pvalue < 0.1 and with a positive coefficient were

defined as significant and concordant: the higher the CNV the higher

the expression.

2.9 | Transcription-target (TF)-miRNA interactions

To study the relationship between the expression of TFs and their tar-

get miRNAs, we used microarray expression data for a subset of 65 sam-

ples of our cohort7 (E-MTAB-1814). The literature-curated relationships

1992 VELLE ET AL.
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TF-miRNA were downloaded from the TransmiR database39 (v2.0).

And, to infer the impact of TF on miRNA expression we used a linear

regression model for each miRNA. The model included the miRNA

expression profile as the dependent variable, and the TFs as the

independent covariates. To remove the effect of CNVs on miRNA

expression we take the standardized residual inferred from CNV-

expression models as described in the previous paragraph. miRNAs

can be regulated by many TFs so, for each miRNA, we removed from

the model the TFs with the weakest association using an automatic

stepwise regression strategy as implemented in the step R function.

Stepwise regression selects the best predicting variables starting

from the full model (including all the TFs) and removing backward

one variable at time comparing the AIC (Akaike Information Crite-

rion) values. For each model we selected the TFs with pvalue < 0.05.

F IGURE 1 (A) Radar plot representing the distribution of expressed isomiRs among isotypes. The axis shows the fraction of expressed isomiRs
belonging to a given isotype. (B) Distribution (in terms of boxplots and violin plots) of the log2 average expression of isomiRs for the five isotypes.
For each isomiR the average of the normalized expression has been calculated across all samples. (C) The UpSet plot represents the
intersection between the sets of miRNA expressing a given isotype. The vertical bar plot reports the intersection size, the dot plot reports the set
participation in the intersection, and the horizontal bar plot reports the set sizes. Correlation plot for bilateral cases (D) and relapses (E). The
correlation between two samples is computed on the 100 most variable isomiRs. The circle dimension and color represent the values of correlation

VELLE ET AL. 1993
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3 | RESULTS

3.1 | Cohort description

To achieve the aims of the study, a retrospective cohort of 215 snap-

frozen tumor biopsies was obtained from 203 patients with diagnosis

of Stage I EOC. The cohort was composed of 209 samples obtained at

primary surgery, from patients who had not received chemotherapy

(43 HGSOC, 21 LGSOC, 83 EC, 30 OCCC and 38 MOC). Six samples

were from matched bilateral tumors. Additional cases were from

matched biopsies withdrawn at relapse. The demographic and clinical

features (Table 1) show that the study cohort is histologically distrib-

uted and, representative of the clinical situation.5,8,27

3.2 | miRNA landscape profiling by NGS

To profile the entire repertoire of expressed miRNAs in our cohort

(Table 1), including reference miRNAs and isomiRs (with sequence

variations), short mRNA libraries of tumor biopsies were sequenced

and analyzed (see Section 2).

After data preprocessing and filtering, we detected 971 miRNAs,

349 (36%) of which were classified as reference miRNA (defined as

ref) and 622 (64%) as miRNA variants. The radar plot reported in

Figure 1A shows that the majority of miRNA modifications (54%)

accounted for the addition or deletion of nucleotides at the 30-end

(iso_3p) while 12% for the addition or deletion of nucleotides at the

50-end (iso_5p).The presence of mismatch (iso_snp) as well as the

addition of one or more nucleotides not present in the precursor

sequence (iso_add) accounted for a small part of isomiRs (2% and 6%,

respectively). This distribution and the type of modification were

maintained across the different histological subtypes as detailed in

Supplementary Results section 1 and in Supplementary Figures S1-S3.

Considering the total amount of miRNAs expressed, we counted

208 miRNAs as expressed in all the samples (of these 95 are refer-

ence, 103 are iso_3p, four are iso_5p, eight are iso_snp), while

444 miRNAs are expressed in at least 80% of the samples. The refer-

ence, the iso_3p and the iso_add miRNAs are characterized by a sig-

nificantly higher average expression with respect to iso_snp and

iso_5p (Figure 1B), demonstrating that these miRNA types are abun-

dant and potentially functional in our samples. Finally, we observed

that the majority of miRNAs (n = 236) expresses the reference and

one type of isomiR (Figure 1C).

3.3 | Bilateral and longitudinal samples are
characterized by the same repertoire of miRNA
variants

Taking advantage of the presence in our cohort of matched bilateral

biopsies (for two LGSOC, three HGSOC and one OCCC patients) and

longitudinal matched biopsies (for two EC, three HGSOC and one

OCCC patients), we explored whether isomiRs expression exhibited

spatial and temporal correlation. Using the selection of the most vari-

able and highly expressed isomiRs we performed a pair-wise correla-

tion analysis (Figure 1D,E) separately for bilateral (Figure 1D) and

longitudinal samples (Figure 1E). While bilateral samples, except for

sample 23, show a high degree of correlation within (r = 0.85) and

among patients (r = 0.76), longitudinal samples, apart from sample

207, show a strong within-patient (r = 0.84) but a low interpatient

similarity (r = 0.49). These observations suggest that the global

expression profile of reference miRNAs and of their isomiRs is a

molecular fingerprint for each Stage I EOC tumor biopsy.

3.4 | isomiRs as histotype specific biomarkers

We next questioned whether the different histological subtypes are

characterized by a different expression of miRNAs. We initially aimed

at identifying those miRNAs that resulted as differentially expressed

(DEM) among the five main histological subtypes.

Globally, we identified 686 DEM derived from 367 different miR-

NAs loci. Among them, 37% are reference and 63% are isomiRs

(iso_3p = 53.3%, iso_5p = 10.5%, iso_add = 6%, iso_snp = 1.6%)

(Supplementary Results section 2, Supplementary Figures S4 and S5).

Although DEMs have significant adjusted P-value, due to sample

variability, only few of them can be exploited as subtype specific bio-

markers, that is, miRNAs with high predictive potential.

Using a resampling-based strategy (see Section 2) we found

42 histotype-specific miRNAs, nine of which were specific to HGSOC,

three to LGSOC, seven to EC and OCCC, and 16 to MOC subtypes

(Figure 2A and Supplementary Table S3).

Reference miR192/194 and miR30a-3p/5p were previously iden-

tified as specific biomarkers of MOC and OCCC subtypes in a largely

overlapping cohort exploiting microarray data for expression profiling.

It is noteworthy that these miRNAs were confirmed as tissue specific

biomarkers in our sequencing-based study, supporting confidence in

the robustness of our analysis. However, NGS data analysis revealed

that these four reference miRNAs are coexpressed with at least one

additional variant. In particular, miR-30a-3p expressed an histotype

specific iso_add (hsa-miR-30a-3p;iso_add:T) while the other miRNAs

were characterized by histotype specific iso_3p modifications. The

complete list of biomarkers with their different histological subtype is

reported in Supplementary Table S4.

The high predictive potential of the 42 biomarkers is reflected by

the clustering shown in Figure 2B. Except for EC samples that still

show a high degree of variability, MOC, LGSOC and OCCC are almost

perfectly classified using the 42 biomarker profiles, such classification

is clearly superior to that based on the list of DEM (Supplementary

Figure S4D).

3.5 | isomiRs' tumor and tissue specificity

miRNA expression profiles are known to be tightly regulated in a tis-

sue specific manner both in physiological and pathological conditions.

1994 VELLE ET AL.
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With the aim of exploring isomiR tissue specificity in Stage I EOC we

performed two different analyses. In the first we investigate the

expression levels of our biomarkers in other solid tumors. In the sec-

ond, we compare the expression of LGSOC and HGSOC isomiR bio-

markers with their expression in normal fallopian tubes. While the

first analysis explores tissue specificity, the second tries to shed new

light on the possible tissue of origin for the serous histotype, both at

low and high grade.

From the Tumor IsomiR Encyclopedia (TIE) we selected Ovarian

serous cystadenocarcinoma (OV), Uterine Corpus Endometrial Carci-

noma (UCEC), Kidney Renal Clear Cell Carcinoma (KIRC) and Colon

Adenocarcinoma (COAD) samples as they affect the tissue types that

correspond to our histotypes. Data reported in Figure 3A show the

average expression (color of the dots) and the frequency of detected

expression (dimension of the dots) in the TCGA cohorts. Our results

indicate that almost all histotype-specific biomarkers are expressed in
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F IGURE 2 (A) Expression distribution (boxplots) of histotypes' markers. The X axis represents the expression level of the isomiRs, while the
Y axis represents the different iso-markers. For each marker a boxplot of each histotype is shown. The dimension of the dots on the right of each

plot represents the resampling score detection algorithm, greater the dots, higher the score. (B) Dendrogram showing the hierarchical clustering
of markers' expression. The clustering has been computed on the Euclidean distances using the complete linkage. The annotation bars represent
histotypes, OS and PFS, respectively. For OS and PFS annotation bars, black and white represent the presence and absence of an event,
respectively, while gray represents unknown status
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other solid tumors with a clear tumor specificity (Figure 3A). Specifi-

cally, isomiRs of miR-9, reported as EC markers, are found expressed

only in UCEC samples, while isomiRs of miR192/194, miR-215 and

miR-375 family, known to be MOC markers, are found expressed

prevalently in COAD samples. isomiRs of miR-30a family are widely

expressed but with a preferential expression in KIRC samples.

These results highlight the high degree of tissue specificity of our

biomarkers, a characteristic that is widely accepted for most miRNAs,

and provide interesting hints as to how tumors with the same histo-

type from different sites may evolve.

While for HGSOC the tubal paradigm is the most plausible, the

origin of LGSOC remains under debate, they are thought to arise from
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F IGURE 3 (A) Expression of histotype markers in selected advanced stage tumors taken from the TCGA. IsomiRs are represented on the Y
axis and tumors on the X axis. The color of the dots represents the log2 of isomiRs' mean expression in a given tumor. The dimension of the dots
represents the fraction of samples that expresses the isomiR. The annotation bar on the right shows the histotype-specificity of each isomiR.
(B) Comparison between the expression of HGSOC markers in tumors and healthy fallopian tubes. IsomiRs are shown along the Y axis, while the
X axis represents the log expression. (C) Comparison between the expression of LGSOC markers in LGSOC samples, OCaMIR's HGSOC samples
and healthy fallopian tubes. IsomiRs are shown along the Y axis, while the X axis represents the log expression
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fallopian tubes or from the ovarian surface epithelium.40-43 To explore

the similarity of the expression of HGSOC and LGSOC biomarkers

with that in their putative tissue of origin, we exploited the data

available from the OCaMIR signature44 (GSE127873) where miRNA-

seq data have been generated for both healthy fallopian tubes and

early stage ovarian tumor samples. Data reported in Figure 3B,C,

F IGURE 4 Circos plots summarizing multiomics data on a genomic scale for HGSOC samples (A) and the zoomed version for chromosome
14 and 17 (B). (A and B) In the first (external) layer the fraction of samples with amplification (red) or deletion (blue) for each miRNA is shown.
Dots at the extremities of the layer highlight miRNA whose fraction of amplified/deleted samples is above the average value. The second and
third layer represent the expression levels of the reference and of the iso_3p isomiRs, respectively. IsomiRs whose expression is significantly and
concordantly associated to CNV status are highlighted with a brighter red color. In the fourth layer the ratio between reference and iso_3p
expression is represented. The black baseline correspond to 0, positive values are displayed in red while negative in blue. At the center of the plot
the position of markers is highlighted. (C) Alluvial plot showing the multi-to-multi relationships between TF and DEM along with their histotype
specificity. TF are represented in the first column, significantly targeted DEM in the second column, histotypes in which the relationship is highly
correlated in the third column. Red lines represent positive regulation for the TF-miRNA couple while blue represent negative regulation.
(D) Barplots (upper part) showing the number of different miRNAs that a TFs transcriptionally regulate (with their contribution within each
histotype) and heatmap (lower part) showing their average expression in the five histotypes
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shows that (i) our biomarkers are found expressed in healthy fallopian

tubes, that (ii) seven out of nine HGSOC markers (miR-15b-3p;ref,

miR-29b-5p;iso_30:A, miR-454-5p;iso_30:t, miR-19a-3p;iso_30:a, miR-

146b-5p;ref, miR-146b-5p;iso_30:g, miR-27a-5p;ref) have a significant

higher expression in tumor samples with respect to healthy tissue,

confirming their diagnostic and predictive potential and that (iii) all the

three biomarkers of LGSOC (miR-34c-5p;ref and its variants) are

expressed at comparable levels between tumor and normal epithelial

fallopian tube, but with a significantly higher expression with respect

to their HGSOC counterpart.

In conclusion, our data indicate that biomarkers of low- and high-

grade serous tumors are found expressed in healthy fallopian tubes

suggesting that, although characterized by different evolutionary

paths, as highlighted by the heterogeneous isomiR distribution

between low and high grade, the tubal paradigm can explain the com-

mon origin of serous subtypes.

3.6 | Integration of miRNA expression and copy
number alterations

We have recently demonstrated that Stage I EOC is molecularly char-

acterized by three different genome instability patterns (namely

stable, S, unstable, U and highly unstable, HU) lagging each histologi-

cal subtype.8 As genome structural rearrangements can be, at least in

part, a plausible mechanism for miRNA expression alterations, we

integrated miRNA and SCNA profiles to question whether the

increased expression of previously identified miRNAs could be the

result of structural changes in their genomic loci. To this aim, we

implemented a regression-based model to estimate the association

between the CNV profiles8 and the miRNA expression profiles.

Briefly, we considered that if the over/underexpression of a miRNA is

the result of a genomic event (ie, amplification/deletion) a significant

and concordant association would be expected.

Circos plots reported in Figure 4A summarize the results of the

integrative analysis obtained on the entire list of expressed miRNAs in

HGSOC samples. Figure 4A and its zoom in Figure 4B show, for each

genomic loci in which we identified an expressed miRNA, the propor-

tion of patients with an event of amplification/deletion (first layer,

respectively red and blue bars), the average expression of the refer-

ence miRNA and of its iso_3p variant (second and third layers, in

bright red those miRNAs with expression significantly associated with

their CNV levels), and of their expression ratio in log scale (the most

inner layer). At the center of the circos we highlighted the genomic

position of the HGSOC biomarkers. The same plots for all the other

histotypes are available in Supplementary Figure S6, while the com-

plete list of miRNAs whose expressions have a significant and concor-

dant association with CNVs are available in Supplementary Table S5.

We found 209 miRNAs whose expression level is significant and

concordant with their CNV. Of these, 141 are DEM. This means that

38% (141 over 367) of miRNA transcriptional deregulations are the

result of genomic instability. Among these 141 we found 11 bio-

markers: two are biomarkers of EC (miR-9-3p/5p), one of MOC (miR-

574-5p), six of HGSOC (miR-19a-3p, miR-27a-3p, miR-15b-3p, miR-

29a-5p, miR-454-3p and miR-30 e-5p) (Figure 4A), two of OCCC

(miR-30a-3p/5p). Since our markers derive from 23 canonical miR-

NAs, our results suggest that 48% (11 over 23) of the markers are

highly expressed because of genomic instability.

Taken together our results suggest that more than a third of the

differential expression observed (and half of the biomarkers), is due to

heterogeneity in terms of genome instability characterizing different

subtypes.

3.7 | Transcriptional regulation of isomiRs

Differential TF activity is another molecular mechanism responsible

for the altered expression of miRNAs. Since miRNA alterations can be

partially explained by CNVs we explored whether these differences

could be also ascribed to histotype-specific transcriptional regulation

activity.

To this end we exploited the expression of a list of transcription

factors (TFs) known to be regulators of miRNAs (TransmiR v2.0 data-

base) available for a subset of our cohort (n = 65)7 and used a multi-

variate regression model to infer TF-miRNA interactions (see

Section 2 for details).

Our analysis identified 64 DEMs (17%) suggested to be transcrip-

tionally regulated by 29 TFs. Figure 4C shows the list of the top 60%

most significant TFs—miRNA relationships for each histotype (see

Supplementary Table S6 for the complete list). HGSOC and OCCC are

the two subtypes with the highest number of miRNAs with significant

TF regulation. Interestingly, Figure 4D highlights that HIF1A, ATF4

and PLK1 are the three TFs showing the highest putative activity in

both OCCC and HGSOC, in particular HIF1A and ATF4 have a high

expression in our samples. While HIF1A and ATF4 act predominantly

as activators, PLK1 seems to be an inhibitor of the miRNA expression.

Moreover, CREB1 and IL6 have high activity (inhibitor and activator,

respectively) only in HGSOC samples while JUNB, E2F2 and FOS act

prevalently in OCCC samples. Among the miRNA regulated by TFs we

found 4 biomarkers (1 for MOC and 3 for HGSOC). Regarding HGSOC

markers, HIF1A regulates miR-454-3p (Figure 4B), IL6 regulates miR-

146b-5p and GLI1 is associated with miR-29a-5p (Supplementary

Figure S6E). Interestingly, miR-454-3p, CREB1, ATF4 were already

identified as a biomarker of platinum resistance in HGSOC.45,46

Our results show that miRNA expression is the result of a com-

plex interplay between different forces, among which CNV and TFs

play a key role.

4 | DISCUSSION

It is now widely recognized that miRNA genes express multiple iso-

forms (isomiR) in a tissue-specific manner in physiological or patho-

logical conditions. Some of the isoforms of a given miRNA may

differ by a single nucleotide, so their identification could occasion-

ally be the result of both biological and technical noise. However,

1998 VELLE ET AL.
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the histotype-dependent expression of our DEMs suggests that at

least part of the isomiRs are finely tuned in terms of expression as

highlighted by our integration models. Although large efforts have

been made to study canonical and noncanonical miRNA profiles in

late-stage ovarian cancer3,4,7,47 to the best of our knowledge, the

work presented here is the first attempt to profile the entire reper-

toire of isomiR across the different histological subtypes that charac-

terize Stage I EOC.

Consistent with the literature, we found that the iso_3p type is

the most abundant modification among the expressed isomiRs, and

that many variations, along with their reference miRNAs, are charac-

terized by histotype-dependent expression.

We confirmed our previously identified miRNA biomarkers for

MOC (miR-192/194 cluster) and OCCC (miR-30a-3p/5p) and we

observed that some isoforms of these miRNA markers are themselves

markers as well. Moreover, we expanded the repertoire of histotype-

specific markers for all the other histotypes. Specifically, miR-34c (the

reference form) together with two of its iso_3p modifications are the

only markers for LGSOC. An extensive body of literature shows that

miR-34c is often subjected to severe alterations in various cancer

models,48-50 and that its expression is fine-tuned by several tumor-

suppressive pathways. miR-34c has been reported to induce cell apo-

ptosis and to inhibit cell proliferation and invasion in a variety of

tumor cells,51,52 consistent with the favorable prognosis of LGSOC

compared to that of the other subtypes.

HGSOC is characterized by nine markers corresponding to five

miRNAs (miR-146b, miR-30 e, miR-15b, miR-19a, miR-29a). Exploring

the expression of these biomarkers in a collection of healthy fallopian

tubes we observed that miR146b-5p and its isoforms are weakly

expressed in healthy tissue, supporting their tumor-cell specificity. All

these miRNAs have been found to be deregulated in many cancers. In

particular, miR-146b downregulation inhibits cell migration and inva-

sion and increased cell proliferation improving the response of EOC to

chemotherapeutic agents.53 In contrast, miR-19a negatively regulated

the expression of PTEN and promoted the growth of ovarian cancer

cells.54

Finally, EC samples are characterized by a high expression of

mir-9 and miR-499. Although its role in tumors appears to be contro-

versial, aberrant expression of miR-9 is reported in different tumors,

and it was shown to be a prometastasis onco-miR in breast cancer.55

These isomiR markers tend to be highly tumor specific: MOC

markers are highly expressed in COAD samples, OCCC markers in

KIRC, EC biomarkers in UCEC. LGSOC and HGSOC biomarkers were

moderately expressed in late-stage ovarian cancer samples.

Looking at the isomiR spatial and temporal expression we

observed that, at the relapse, tumor samples tend to maintain a

patient specific fingerprint, while, at the diagnosis, tumor samples

tend to be more similar within and across patients.

A final consideration regards the mechanism of miRNA deregu-

lation in Stage I EOC. In the present study we have investigated

two possible mechanisms, such as structural alterations and TF

activity. By integrating SCNA profiles, TF expression and miRNA-

seq data we found that almost 38% of the expression profile

modifications are the result of SCNAs, while 17% are the result of

differential TF activity. This result suggests that the differential

expression among and within histotypes is mostly due to aberrant

genomic copy number status. Among the miRNA markers the

expression of which is modified by their SCNA we found miR-9, for

EC, miR-30a for OCCC, miR-574-5p for MOC and the six HGSOC

markers (miR-15b-3p, miR-454-3p, miR-29a-5p, miR-30 e-5p, miR-

19a-3p and miR27a-3p).

Taken together our results indicate a heterogeneous transcrip-

tional picture within and among histotypes. The finding that different

isomiRs are generated in different histological subtypes, suggests that

the production of multiple highly similar isomiRs is an inevitable con-

sequence of the tumor evolutionary process and that isomiRs can act

cooperatively with miRNAs to control functionally related genes in

the establishment of different tumor cells.
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