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RESUMO

Introducao: A reducdo da mortalidade por cancro continua a ser um importante objetivo
da sociedade, sendo materializada nos esfor¢os para desenvolver biomarcadores eficazes
para a detecdo precoce de tumores. Essa detecao precoce permitiria uma diminuigdo do
numero de casos de cancro identificados em estadios avangados associados a um pior
prognéstico da doenga. Assim, a detegéo precoce do carcinoma de células renais (CCR)
aumenta significativamente a probabilidade de tratamento curativo, evitando a necessidade
de terapias subsequentes com efeitos colaterais e que acarretam mais comorbidades.
Assim, 0 nosso objetivo foi analisar microRNAs que podem auxiliar na detecao/diagnéstico

precoce e minimamente invasivo de CCRs.

Métodos: Foram selecionadas amostras de plasma de 142 doentes com CCRs [103 CCR
de células claras (ccCCR), 16 CCR papilares, 23 CCR croméfobos], 18 oncocitomas e 78
dadores saudaveis. Foi adicionado, a todas as amostras, o microRNA ath-miR-159a como
controlo interno. Os niveis de hsa-miR-21-5p, hsa-miR-126-3p, hsa-miR-141-3p, hsa-miR-
155-5p e hsa-miR-200b-3p foram avaliados através de droplet digital PCR. Curvas de
caracteristicas do operador recetor foram construidas e as areas sob a curva foram

calculadas para avaliar o desempenho diagnéstico.

Resultados: Os doentes com CCR apresentaram niveis circulantes de hsa-miR-155-5p
significativamente mais elevados do que as amostras de plasma de dadores saudaveis.
Contrariamente, os niveis de hsa-miR-21-5p e hsa-miR-141-3p observados foram
significativamente mais baixos do que no grupo controlo. Além disso, doentes com tumores
confinados ao rim, correspondendo a estadios iniciais (estadios | e Il), revelaram niveis
circulantes de hsa-miR-141-3p significativamente mais elevados em comparagdo com os

doentes cujo tumor invadia para além da capsula renal (estadios avancados).

O painel constituido por dois hsa-miRs (hsa-miR-126-3p e hsa-miR-200b-3p) apresentou
o maior desempenho na identificacao de pacientes com tumores das células do rim, tendo
uma sensibilidade de 81,55% e uma acuidade de 76,47%, mas especificidade de, apenas,
52,63%.

Para além disso, o melhor painel para detegcdo de CCRs é constituido por hsa-miR-21-5p
e hsa-miR-155-5p, apresentando uma sensibilidade de 87,32%, especificidade de 47,92%
e uma acuidade de 71,43%.

Conclusao: Os nossos resultados demonstram que o painel miR-21/miR-155 avaliado em
bidpsias liquidas é capaz de identificar doentes com CCR. A incluséo da avaliagdo do hsa-
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miR-126, hsa-miR-141, hsa-miR-155 e hsa-miR-200b permitiu uma identificagao especifica
de ccCCRs. Apesar da necessidade de mais estudos nesta area, os hsa-miRs em
circulagao, avaliados por droplet digital PCR, podem coadjuvar na detecdo precoce de

CCR.



ABSTRACT

Background: Cancer mortality reduction remains a major societal goal, in part materialized
in the many efforts to develop effective biomarkers for early detection. This would allow for
decreasing the proportion of cancers identified at late stages, which carry very poor
prognosis. Early detection of renal cell carcinoma (RCC) significantly increases the
likelihood of curative treatment, avoiding the need for subsequent therapies, which have
side effect and entail more comorbidities. Thus, we aimed to unveil microRNAs that might
aid in early, non-invasive, RCCs detection/diagnosis.

Methods: Plasma samples from 142 RCC patients [103 clear cell RCC (ccRCC), 16
papillary RCC, 23 chromophobe RCC], 18 oncocytomas and 78 healthy donors were
selected. All samples were spiked with ath-miR-159a. Levels of hsa-miR-21-5p, hsa-miR-
126-3p, hsa-miR-141-3p, hsa-miR-155-5p and hsa-miR-200b-3p were assessed using
droplet digital PCR. Receiver operator characteristic curves were constructed and the areas
under the curve were calculated to assess diagnostic performance.

Results: RCC patients displayed significantly higher hsa-miR-155-5p circulating levels than
healthy donors, whereas lower hsa-miR-21-5p and hsa-miR-141-3p were found in the same
patients. Also, patients with organ confined tumors (Stages | and Il) disclosed significantly
higher hsa-miR-141-3p circulating levels than to those invading beyond the renal capsule
(advanced stages).

The two-hsa-miRs panel (hsa-miR-126-3p and hsa-miR-200b-3p) presented the highest
performance in identifying RCTs patients, with 81.55% sensitivity and 76.47% accuracy but
limited specificity.

Regarding malignant tumors, the best panel of circulating miRs for the three major RCC
subtypes identification included hsa-miR-21-5p and hsa-miR-155-5p, depicting 87.32%
sensitivity, 47.92% specificity and 71.43% accuracy. Remarkably, hsa-miR-141-3p levels
decreased in advanced stage RCC patients.

Conclusion: Our results demonstrate that miR-21/miR-155 panel is able to discriminate
patients with malignant tumors from controls, and that circulating miR-126, miR-141, miR-
155 and miR-200b might allow for specific identification of ccRCCs. Although further studies
are need, circulating hsa-miRs assessed by droplet digital PCR might aid in early detection
of RCC.
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Simple Summary: Liquid biopsies have emerged as a new tool for early diagnosis. In renal cell
carcinoma, this need is also evident and may represent an improvement in disease management.
Hence, in this review we discuss the most updated advances in the assessment of miRNAs in
liquid biopsies. Moreover, we explore the potential of circulating or exosome miRNAs in renal cell
carcinoma to overcome the tissue biopsies limitations.

Abstract: Renal cell carcinoma is the third most common urological cancer. Despite recent advances,
late diagnosis and poor prognosis of advanced-stage disease remain a major problem, entailing
the need for novel early diagnosis tools. Liquid biopsies represent a promising minimally invasive
clinical tool, providing real-time feedback of tumor behavior and biological potential, addressing its
clonal evolution and representing its heterogeneity. In particular, the study of circulating microRNAs
and exosomal microRNAs in liquid biopsies experienced an exponential increase in recent years,
considering the potential clinical utility and available technology that facilitates implementation.
Herein, we provide a systematic review on the applicability of these biomarkers in the context of
renal cell carcinoma. Issues such as additional benefit from extracting microRNAs transported in
extracellular vesicles, use for subtyping and representation of different histological types, correlation
with tumor burden, and prediction of patient outcome are also addressed. Despite the need for more
conclusive research, available data indicate that exosomal microRNAs represent a robust minimally
invasive biomarker for renal cell carcinoma. Thus, innovative research on microRNAs and novel
detection techniques are likely to provide clinically relevant biomarkers, overcome current clinical
challenges, and improve patient management.

Keywords: renal cell carcinoma; biomarkers; liquid biopsies; microRNA; extracellular vesicles; exo-
somes

1. Introduction

Reducing cancer mortality remains a main goal of the scientific community, in part
materialized by the many efforts to develop effective biomarkers for early detection to

Cancers 2021, 13, 5252. https:/ /doi.org/10.3390/ cancers13215252
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decrease the proportion of cancers identified at late stages, which carry poor prognosis.
Concerning renal cell carcinoma (RCC), early detection increases the likelihood of perform-
ing partial nephrectomy and, possibly, avoiding the need for adjuvant therapies, which
have associated toxicities [1-4]. Moreover, in cases where such early detection is not pos-
sible, there are predictive biomarkers for response to therapy that may allow the use of
second-line treatments in a timely manner. Moreover, prognostic biomarkers may provide
information for selecting the best therapeutic strategy [5,6].

Overall, a cancer biomarker refers to any biological observation that can ideally replace
and predict a clinically relevant outcome or an intermediate result that is more difficult to
observe, and that might correspond to a protein, metabolite, RNA or DNA molecule, or an
epigenetic alteration [7,8]. In addition, the pre-analytics, measurability and variability of a
biomarker must be considered for its clinical application [7].

Over time, tumor tissue samples have always been the gold standard for diagnosis
and prognostication. Nevertheless, this strategy faces relevant challenges. For instance,
histological specimens only reflect the tumor composition at the time of sample taking.
In addition, the limited quality and quantity of biomaterials derived from tissues may
hamper accurate and reliable nent of di and a biopsy may not provide a
complete picture of the entire tumor landscape, which is particularly problematic in het-
erogeneous cancers such as RCC [9,10]. In addition, tissue biopsy sampling is an invasive
and technically challenging tool, again particularly relevant in the kidney, considering its
retroperitoneal topography [8,9]. To overcome these challenges of tissue biopsy sampling,
liquid biopsies have emerged as alternative sources of clinically relevant information.

2. Liquid Biopsies

Unlike tissue biopsy sampling, liquid biopsies provide real-time feedback on the
patient’s condition, in a minimally invasive and repeatable manner, increasing early diag-
noses rate [11,12]. They often reflect tumor burden and the shifting molecular landscape of
cancers, being optimal tools that favor the applicability of cellular and molecular therapies
that depend on systematic and routine measurements of critical biomarkers [13].

Liquid biopsies involve the collection of body fluids, for example, blood, urine, spills
or saliva using a minimally invasive method. They allow for the study of circulating tumor
cells and DNA, tumor-educated platelets, extracellular vesicles (EVs) and cell-free RNA or
microRNA (miRNA) (Figure 1) [8,9].

*
e .
2 ¢ 1“-‘,

Circulating Tumor Circulating Tumor

Cells (CTCs) DNA (ctDNA) *in

Cell-free RNA or
microRNA |
Extracellular Tumor-educated

Vesicles (EVs) platelets (TEP)

Figure 1. Clinical potential of liquid biopsies: what can we analyze using this promising non-
invasive technique? Circulating tumor cells/DNA, extracellular vesicles, tumor-educated platelets
and cell-free RNA or miRNA can be detected in the context of a liquid biopsy.

Each of them offers an immense potential, either together or as independent biomark-
ers for cancer, and importantly, each has its own advantages and limitations, many times
related to sample type and preanalytical variables.

This emerging technique represents an ideal tool for early detection, subtyping, risk
stratification and follow-up of cancer because it better represents tumor heterogeneity
than tissue biopsies. In addition, they may aid in monitoring patients throughout specific
targeted therapies, and pinpoint emergence of resistance that might entail the need for
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changing treatment schedule. Moreover, they might allow for circulating biomarkers
assessment at various time points in a timely, cost-effective, specific and sensitive minimally
invasive manner [8,10,14]. Thus, it is imperative to unveil and develop minimally invasive
markers that may not only detect cancer, but also prognosticate and predict response to
therapy [15,16].

3. Renal Cell Tumors

According to the World Health Organization, renal cancer (RC) was, in 2020, the 16th
most incident and the 17th most deadly cancer, worldwide [17].

Among RC, RCC accounts for approximately 90% of all cases, and originates from
epithelial cells of the nephron [18,19]. RCC is highly heterogeneous, as depicted by the
multiple entities and molecular subtypes. Each histological entity has specific molecular
backgrounds, stressing the need for subtype-specific biomarkers and, likewise, subtype-
specific therapies [20].

In addition, discriminating RCC from oncocytoma (the most common benign tumor
originating from the renal cortex) is a relevant clinical challenge, especially the distinction
between oncocytoma and chromophobe RCC (chRCC), which may be particularly difficult
in the case of the eosinophilic variant of the latter [21].

3.1. Diagnosis

In recent years, and despite the drop of mortality rate, RCC incidence has increased,
which can be attributed mainly to incidental detection owing to the easier access to medical
imaging performed for other reasons [22].

Early diagnosis of RCC is a challenge mainly because 70% of patients with localized
disease remain asymptomatic or with mild symptoms, which is also related to retroperi-
toneal location of the kidney [3,4]. Hence, patients often develop symptoms only at later
stages, and these may include acute or chronic flank pain, hypertension, anemia and
cachexia [3].

RCC diagnosis is often a presumptive one, until histological confirmation. The role
of physical examination is limited, although when a palpable abdominal mass, new-
onset varicocele, or lower extremity edema are found, the patient should be evaluated by
imaging for the presence of retroperitoneal neoplasia. Imaging may comprise computed
tomography, abdominal ultrasound, magnetic resonance imaging (diffusion-weighted and
perfusion-weighted imaging) and positron emission tomography [3,23]. Furthermore, a
renal biopsy may be performed for diagnosis, although this technique remains under-
used [3]. Yet, the confirmation of malignancy may require specialized assessment of the
nephrectomy specimen [24]. In this context, liquid biopsies may have the potential to
become a central tool in RCC diagnosis, eventually sparing the need for nephrectomy in
non-malignant conditions, although studies in this direction are still evolving [25-27].

3.2. Prognosis

The prognosis of RCC patients is highly dependent on histological subtype and TNM
stage, among other factors. Some studies found that patients with advanced stage disease
that undergo partial nephrectomy endure a better outcome and better post-surgical renal
function than patients that undergo radical nephrectomy. Therefore, partial nephrectomy
has become the first-choice therapeutic strategy, as it offers approximately the same survival
time and superior renal function than radical nephrectomy [1,2].

Early diagnosis and treatment of RCC are important to increase global five-year
survival, as inferred by the 90% survival rate for early-stage RCC compared to 13% of
locally advanced or metastatic disease. However, patients with stage III that undergo
nephrectomy have a survival rate above 70%. In addition, metastatic disease, advanced
stage and invasion into the renal vein are predictors of poor prognosis in RCC [28,29].
According to a population-based study (2005-2009), 1 in 3 RCC patients was diagnosed
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with metastatic disease [6,30]. In addition, local recurrence or distant metastasis may be
found in 20-40% of patients undergoing surgery [30,31].

In view of this, the prognosis of recurrence is variable, with the detection of early
relapse being the main factor for patient prognosis [5,6]. Thus, early RCC detection, which
may be provided by liquid biopsy techniques, will result in improved outcome.

4. MicroRNAs

MiRNAs are small non-coding RNAs, which can suppress gene expression at the
translational level by directly targeting mRNA molecules. Moreover, they are involved in
cell differentiation, growth, apoptosis, and proliferation [32,33]. MiRNA deregulation in
cancer was first described in 2002 (chronic lymphocytic leukemia), and since then, it has
been increasingly implicated in tumorigenesis [32-35].

MiRNAs have the ability to act as tumor suppressors or as oncogenic miRNAs, which
are usually found down- or upregulated in cancer, respectively [34]. Moreover, miRNAs
signatures seem to differ between cancer and normal tissues, as well as among cancer
subtypes, thus representing a promising tumor biomarker in liquid biopsies [32,33].

Although several miRNA quantification techniques have been developed over the
years, quantitative real-time polymerase chain reaction (QRT-PCR) has been the most widely
used technology, especially due to the more disseminated know-how [36,37]. However, the
emergence and progress of digital PCR may lead to improved miRNA analysis. With this
technique, it is advocated that the steps of normalization to housekeeping miRNAs and
preamplification can be obviated. In addition, it does not require triplicates and is easier to
set cutoffs of positivity, compared with gRT-PCR [36-39].

Circulating miRNAs have been reported in many clinical contexts. In cancer, they
have been described as biomarkers in several cancer models, including prostate and breast
cancers, disclosing a diagnostic and predictive role [40-42].

Circulating microRNAs in Renal Cell Carcinoma

In RCC, miRNAs have been assessed in serum, plasma and urine. A detailed de-
scription of miRNAs thus far reported for RCC diagnosis is presented in Table 1. The
upregulated miR-21 and miR-106a, isolated from serum, is a potential diagnostic biomarker
for ccRCC, disclosing 86.7% sensitivity and 70% specificity, with lower levels found in
healthy donors and in ¢ccRCC patients post-operatively, compared with ccRCC patients
before surgery [43]. Thus, further studies are required to determine whether miR-106a
levels may predict recurrence after surgery. Although the results were normalized to Us,
recent studies indicate that some RNA species (i.e., U6, RNU6b, RNU48) are susceptible
to degradation by serum RNAses; thus, normalization by these reference miRNAs is not
reasonable [44]. Furthermore, a panel combining miR-141 and miR-1233 was reported
as ccRCC diagnostic biomarker, with high sensitivity and specificity (100% and 73.3%,
respectively), although no association was found between miRNAs levels and TNM stage,
Furhman’s grade and SSIGN (Stage, Size, Grade and Necrosis) score [45].

MIiR-210 has been reported as a diagnostic biomarker in several studies [46—48]. The
most recent meta-analysis by Chen et al. reported 74% sensitivity and 76% specificity
for this miRNA in detection of RCC [49]. Remarkably, in association with miR-378, sen-
sitivity and specificity reached 80% and 78%, respectively [46]. When the two miRNAs
levels were analyzed one week and three months after surgery, lower values were found
compared to before the nephrectomy [46], which may signify that these miRNAs may be
useful for clinical-decision making and evaluation of disease burden after nephrectomy.
However, there was no correlation with Fuhrman's grade, overall survival or histological

RCC subtypes.
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A minority of circulating miRNAs was reported in urine and plasma. Specifically, in
urine, miR-15a was found to be upregulated in ccRCC patients and could detect ccRCC
with a 98.1% sensitivity and 100% specificity, associating with tumor size [50]. However, no
differences of miR-15a levels were found among RCC subtypes [50]. Notwithstanding the
high sensitivity and specificity of urinary biomarkers, doubts about circulating miRNAs
have emerged, since the aggressive urinary environment may lead to miRNAs instability
and hamper detection [51].

All circulating and exosomal miRNA studies reported in this review are based on
qRT-PCR. The greatest difficulty of qRT-PCR in the analysis of results is the normalization
of data, as there is no consensus on which reference miRNA is most appropriate since some
studies report that RNU6B /U6, 5s IRNA, RNU44 /RNU48, for example, are not stable in
body fluids and are hence not reliable means of normalization [44,47].

Recent studies describe that in kidney cancer studies, results” normalization should be
performed using miR-16a [47,52-54], however, a normalization with the above described
RNAs has still being executed [43-45,48,50,55-59]. Furthermore, some authors do not nor-
malize their results, performing absolute quantification instead. Nonetheless, no details are
provided by them concerning the samples used as standards for the quantification [46,60].

Additionally, miRNAs have been reported as prognostic biomarkers (Table 2). In
plasma samples, detection of lower miR-150 levels was significantly associated with both
shorter overall and ccRCC-specific survival, and detection of higher miR-221 levels was also
associated with poor overall survival in RCC [58,61]. Of note, however, downregulation of
miR-150 may reflect an effect of blood cells, related to treatment or to impaired immune
response, since this miRNA is highly expressed in mature B and T cells [61].
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5. Extracellular Vesicles

Although circulating miRNAs seem promising as non-invasive or minimally inva-
sive means to obtain diagnostic and/or prognostic information and to evaluate disease
evolution, extracellular vesicles (EVs) have recently surfaced as an auspicious source of
biomarkers for several diseases, including cancer. The vast majority of cells release EVs [23],
which may resemble the alterations of tumor cells. Importantly, EVs can protect their cargo,
such as miRNAs, thus representing a valuable resource for potential cancer biomarkers.

EVs have a membrane of variable size and diverse content, possibly containing lipids,
peptides, enzymes, functional/structural proteins, mitochondrial DNA and a wide variety
of RNAs (small RNAs, IncRNAs and messenger RN As) capable of regulating virtually all
cellular functions (Figure 2) [23,62,63]. EVs can be found in body fluids, such as plasma,
serum and urine, since their bilipid membrane serves as protection against urine and blood
circulation [23].

Con
Small RNAs

el i i Proteins
: 3
e i
$ 4 (=]
? Enzymes

Figure 2. Content and cargo of extracellular vesicles: small RNAs, lipids, proteins, enzymes and
DNA. Created with BioRender.com.

The most studied subpopulation of EVs are the exosomes. Yet, no consensus has been
reached thus far concerning the definition and size of exosomes, representing the first diffi-
culty when comparing/assessing studies related to miRNAs carried in EVs. Specifically, for
the purposes of this review, we will follow the International Society of Extracellular Vesicles
(ISEV) consensus, which recommends the use of the generic term “extracellular vesicles”.
Nonetheless, several authors sustain that exosomes are EVs with a size between 50 and
150 nm [23]. Notwithstanding, exosome size has been a matter of debate across literature
and scientific community [23,62,63], since the classification may lead to misinterpretation,
because the size of microvesicles and apoptotic bodies lies between 100 nm-1 um and
50 nm-5 um, respectively [64].

EVs can be isolated by two major isolation techniques: density-based and size-based.
Isolation by density can be performed by differential ultracentrifugation or density gra-
dient ultracentrifugation [65]. Ultrafiltration, size exclusion chromatography, polymer
precipitation and microfluidic based-strategies are techniques of EVs isolation by size [65].

The potential of EVs as RCC biomarkers, especially EV-containing miRNAs, has been
addressed in several publications (summarized in Table 3) [66—71]. Isolated from serum
EVs, miR-210 and miR-1233 have been shown as ccRCC diagnostic biomarkers with 70%
and 81% sensitivity, and 62.2% and 76.0% specificity, respectively, and notably decreasing
after nephrectomy [71]. However, no differences were found among TNM stages, raising
the question as to whether they might reflect tumor burden. Wang and colleagues reported
that miR-210 identified RCC with 82.5% sensitivity and 80.0% specificity. In this case,
higher miR-210 levels were found in more advanced stages and higher Fuhrman grades,
with no associations found with gender or age [53].

10



Suppen spyredourt—y1 N g 10[q UISIM—EM ; ‘Adodsoniu uoxpapp uorsstusuen—NFL , 2[qeordde jou—eu

‘paremBarumop sueaw | pue pajendaidn sueawr | ‘sisdjeue

BWOUDIED [[3D [BURI [[22 1L3P—D YD , 2IURIAI—]HY 4 ‘DAIND A IDPUN BIIR—D(V o

peyadg

s[ouod
Aqipeay og /syuaned
(OINONTL) 122ued
1appejq a8eys-A[es g
/syuaned

J0d»
a8ejs-Apaea

[02] TN ADI-LAb WAL ‘s VIN vonednjLyuRdLn| 6180 0’001 £5°89 (ONONLL) 59oue> SO e 1 dg-a0g-ynu
ajeysoad afeys-Aea ¢ ogsoudei
/spuaned
D22 (OWON®TL)
3geys-Apaea ()7
. 3 : de-gz1-amnu—de-per
0920 8T8 19 T J toREUIqEen
. - , dg-gre-yru-de-1z
0920 VL 0FL Sy 6 oremaines
. . ) dg-qre-ynu-de-gz
0920 €6L TEL T30 HOEMIE0D
060 g 678 sjoxuod dg-ggp-yru-dg-9z1
dg-egqr-ynu (00ZZF "12D) I uone[os] Ayieay gg/suorsa NP Y1 JO UORBUIqUIoTy
O] dggryne WAL R VNN PWosoxg aung] 0080 878 €19 uaquumsuaged L joapsouserg mw”_mwuﬂmm_mww
¥z/swened D 18 B T
. . " egpp-ynu-de-gg 1-ymur
0Z8°0 0°00T 909 o aonEiii
(vsn g "
- o 3 : “vD ‘peqspe) ‘wfonauy ! y sfonuod Awreay g 20U }
[ec] dg-gr-yrut ADd-1P 1Mt WAL amass wog) JusSeay eu 008 <8 soened oowogy "5 joomsoudeig | o1z
UOT}R[0S] SWIOSOXT [LI0L,
30U2DSIION[JOUNUL (VSN VD ‘Peqsiae) ou 09z 018 1 eeziamu
9n Mod-Lib -un pue sisAfeue ‘uafoniaug) juaSear sjonuod Ayiresy 8 wmisg Ne®)ienl | orz-am
/ Anpwojfo mo UOLR[OSI WOSOX [2}0 B'u T 002 / ﬂnmzmm DO Z8 jo uﬂmoﬂwﬂﬁ_ i
(12 11 nelost oL e
anbruyday " o % S[0IJU0)/SISED) uogesrddy
PR RARWION o uengy  WOHEZHRIREIRYD uonejosy oy Apgpsds  Apppuwg 30 TaquITg amog ity 1>pIRWworg
(D) ewounIe) [[20) [RUSY] Ul AW [eurosoxa dnsouderp Sursnuol ¢ a[qer,
91306 TGTS ‘€T “TT0T S4a2uv)

11



Cancers 2021, 13, 5252

10 of 16

Regarding urine, different combinations of miRNAs, comprising miR-126-3p + miR-
449a, miR-126-3p + miR-34b-5p, miR-126-3p + miR-486-5p, miR-25-3p + miR-34b-5p,
miR-21-5p + miR-34b-5p and miR-150-5p + miR-126-3p, have been reported as diagnostic
biomarkers for ccRCC, with 60.6%, 67.3%, 52.9%, 73.1%, 74% and 61.5% sensitivity, respec-
tively, as well as 100%, 82.8%, 95.8%, 79.3%, 72.4% and 82.8% specificity, respectively [66].
The putative targets of these miRNAs were implicated in cell cycle regulation, tumorigene-
sis and angiogenesis [66]. Furthermore, downregulated miR-30c-5p has been reported as a
potential diagnostic biomarker for early-stage ccRCC, with 68.57% sensitivity and 100%
specificity [70].

Additionally, mRNA, proteins, lipids and IncRNA were also assessed in EVs released
by RCC. Lower levels of mRNAs GSTA1, CEBPA and PCBD1 were found in EVs of ccRCC
patients compared to healthy donors [67]. Expression of these biomarkers was higher in
papillary and chromophobe RCC than in clear cell RCC [67]. Moreover, a panel composed
by proteins CD10, MMP9, EMMPRIN, CAIX, DPEP1, DKK4, Syntenin 1 and AQP1 was
shown to significantly differ between RCC and healthy subjects [69].

When EVs are isolated from plasma, a decrease of miR-26a-1-3p, miR-let-7-1, miRNA-
615-3p was found, disclosing a significant association with highly aggressive metastatic
disease in clear cell RCC [72] (Table 4). miR-let-7i-5p is a tumor suppressor in RCC cell
lines, downregulating C-myc and its target genes. Dysregulation of this miRNA leads to
5-flouro-uracil resistance of RCC cells [72].

Additionally, IncARSR might represent a predictive biomarker and potential alterna-
tive target against sunitinib resistance, since this long non-coding RNA can be secreted by
resistant cells, making sensitive cells resistant and fostering drug resistance. Inhibition of
IncARSR in both orthotopic xenografts and PDX models suggests that this strategy may be
used for overcoming sunitinib-resistant RCC [73] (Table 4).

Finally, the first association between lipid composition of urinary exosomes and RCC
was first described by Del Boccio et al., disclosing a panel of 22 lipids which may allow for
accurate diagnosis of clear cell RCC [68].
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6. Circulating miRNAs versus Exosomal miRNAs

In recent years, circulating miRNAs and exosomal miRNAs (exomiRNAs) in liquid
biopsies have been intensively studied. However, only few studies aimed to compare
these two sources of miRNAs. Most authors argue that exosomal miRNAs represent a
better way to analyze miRNAs since these seem to have more quantity and better quality
and stability than circulating miRNAs [75]. Moreover, for urinary miRNAs, significant
differences between circulating miRNAs and exomiRNAs have been reported [76,77].

Hence, the method that reaches the best accuracy and maximizes the detection of
biomarkers should be established. For instance, Tian et al. explored the differences
between the two sources of miRNAs obtained from plasma samples. In healthy donors,
no differences between circulating miRNAs and exomiRNAs were apparent. However,
in lung cancer patients, miRNAs (miR-181b-5p and miR-21-5p) were more enriched in
exosomes than free in circulation [76].

Comparative studies have been performed in several cancer models. In lung ade-
nocarcinoma, from a panel of six plasma miRNAs, only two were found upregulated
in plasma exosomes [78]. In gastric cancer, miR-132-3p and miR-185-5p disclosed nor-
mal expression in serum exosomes, although these miRNAs were found upregulated in
serum [79]. Notwithstanding the lack of comparative studies in RCC, considering the
data collected and analyzed for this review, it seems that exomiRNAs disclose higher
sensitivity and specificity than circulating miRNAs [44,45,48,49,53,71]. miR-1233 depicted
an increase in sensitivity and specificity when detected in exosomes (of 4.4% and 50.5%,
respectively [44,71]). In addition, for miR-210, Wang and colleagues found that the in-
crease in sensitivity and specificity in exosomes was of 18.2% and 12.5%, respectively [53].
However, validation studies providing direct comparisons are required to draw more
definitive conclusions [44,45,48,49,53,71]. Depending on the specific miRNA, its expression
in circulation or exosomes is variable, and it may be better detected in one source or the
other [80]. We thus recommend that the choice of method for studying miRNAs should be
dependent on the specific miRNA and its biological context.

7. Conclusions

Overall, the reviewed supports the importance that EVs and miRNAs have as promis-
ing biomarkers for RCC, using liquid biopsies. This minimally invasive technique is likely
to overcome the limitations of tissue biopsies and provide a more accurate and timely pic-
ture of the evolution of RCC. Nonetheless, future studies on EVs and miRNAs should focus
more directly on clinical application, exploring the development of a more cost-effective
and accurate tool for diagnosis and prognosis of RCC.
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I.LPRELIMINARY DATA






This study is based in two larger projects developed in the Cancer Biology & Epigenetics
Group (CI-IPO-Porto) and in St. Michael’'s Hospital (Canada). The first project aimed to
compare droplet digital polymerase chain reaction (ddPCR) and quantitative real-time PCR
(gRT-PCR) techniques in plasma samples and validate the ddPCR technique for the
quantification/detection of a circulating microRNA (miRNA) with higher sensitivity and
specificity when compared with other techniques (Supplementary file 1).

1. COMPARISON OF PCR TECHNIQUES AND VALIDATION OF
DDPCR

The present study was submitted to an international indexed journal as:

DigiMir test: establishing a novel pipeline for miR-371a quantification using droplet digital
PCR in liquid biopsies from testicular germ cell tumor patients

José Pedro Sequeira?”’, Jodo Lobo*¢®", Vera Constancio®®’, Tiago Brito-Rocha??, Carina
Carvalho-Maia?, Isaac Braga, Joaquina Mauricio?, Rui Henrique®¢¢$# Carmen

Jeronimo2d:§-#

Herein, we described and compared the performance of two approaches for hsa-miR-371a-
3p detection in plasma by qRT-PCR, the TagMan Advanced (global) microRNA (miRNA)
and the TagMan (target-specific) miRNA gPCR protocols, which were further compared
with ddPCR.

For this comparison, four experimental settings were evaluated to assess the variability of
the pipelines: “Setting #1”, with 5 cases being extracted in two different timings; “Setting
#2”, where the same extraction was used but with two different cDNA syntheses; “Setting
#3”, with samples with the same extraction and cDNA synthesis, but with two different
operators performing the PCR reaction; and “Setting #4”, with samples with the same
extraction and cDNA synthesis and by the same operator (Figure 1)

From the three pipelines, the one that showed the poorest results was the TagMan
Advanced (global) miRNA pipeline with high variability between the studied settings (Figure
1A-C). Moreover, when compared with TagMan (target-specific) miRNA protocol (Figure
1D-F), the quantification of the spike-in ath-miR-159a was rather limited (later Ct range)

resulting in higher variability detection between samples.

For the DigiMir pipeline, the ath-miR-159a recover performed well (Figure 1G) with hsa-

miR-371a-3p detection in all experimental instances, with tumor burden representation
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(higher detection in the advanced stage sample) and miRNA negative for the healthy donor
(Figure 1H).
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Figure 1 — Comparison of pipelines. A-C: TagMan Advanced (global) microRNA pipeline; D-F: TagMan (target-
specific) microRNA pipeline; G-H: DigiMir pipeline. X-axis: #1 and #2 — stage | seminomas; #3 — stage |l
embryonal carcinoma; #4 — stage Il embryonal carcinoma; #5 — age-matched healthy blood donor. Color code:
setting #1 — different extraction; setting #2 — different cDNA synthesis; setting #3 — different operator; setting #4

— same operator; and reference for comparison.

Furthermore, the comparison of hsa-miR-371a-3p quantification between the experimental
settings demonstrated a strong positive correlation for all instances (Figure 2A-L). In
addition, the quantification of hsa-miR-371a-3p using the TagMan (target-specific) miRNA
protocol compared with the DigiMir pipeline showed a strong positive correlation between
the target miRNA relative levels (normalized to hsa-miR-30b-5p) in gRT-PCR and the
absolute copies/uL in ddPCR (Figure 2M).
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Figure 2 — Correlation between hsa-miR-371a-3p quantifications. A-D: TagMan Advanced (global) microRNA
pipeline; E-H: TagMan (target-specific) microRNA pipeline; I-L: DigiMir pipeline; M — correlation between the
DigiMir pipeline and the TagMan (target-specific) microRNA pipeline quantifications.

After this comparison and validation, ddPCR pipeline (DigiMir) was fully optimized.

Hsa-miR-371a-3p, assessed by ddPCR, outperformed the classical serum tumor markers,
detecting 93.6% Testicular Germ Cell Tumors (TGCT) patients in the pre-orchiectomy
setting, with 100% specificity and 97.5% accuracy. As observed, no positivity for our target
miRNA was found in healthy blood donors, while in tumor patients only two seminomas
(remarkably, negative for all three classical markers) did not show detectable hsa-miR-
371a-3p.

The analyzed cohort also included three patients with non-TGCT testicular masses and one
hepatocarcinoma [elevated Alfa Fetoprotein (AFP)] that were not detected by the target
miRNA. Moreover, two classical serum markers [Human Chorionic Gonadotropin (HCG),
Lactate dehydrogenase (LDH)] and tumor size were positively correlated with hsa-miR-
371a-3p levels (r=0.57, p<0.001; r=0.544, p=0.002; and r=0.475, p=0.007, respectively).

The follow-up samples of TGCT patients were also tested for circulating hsa-miR-371a-3p
and one stage Il patient with disease progression was positive. The remaining samples
were miRNA negative since no signs of disease after the orchiectomy were found and the
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patients presented classical serum tumor markers normalization and negative imaging

scans [Sequeira, Lobo, Constancio et al. (submitted)].

In the second project the major goal was identifying some miRNAs that might aid in the
diagnostic and prognostic workup of renal cell tumors (RCT).

2. IDENTIFICATION OF SOME MICRORNAS THAT MIGHT AID IN

THE DIAGNOSTIC AND PROGNOSTIC WORKUP OF RCTS

A previous report by Silva-Santos et al. that assessed by qRT-PCR the levels of hsa-miR-
21-5p, hsa-miR-141-3p, hsa-miR-155-5p, hsa-miR-183-5p and hsa-miR-200b-3p in fresh-
frozen tissues from 120 RCT, 10 normal renal tissues and 60 cases of ex-vivo fine-needle
aspiration biopsies from RCTs, demonstrated the significantly lower hsa-miR-21-5p, hsa-
miR-141-3p and hsa-miR-200b-3p levels in RCTs comparing with in normal tissues (Figure
3A), being significantly different between oncocytomas and renal cell carcinomas (RCC)

(Figure 3B).
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Figure 3 — Distribution of miRNA levels in kidney tissues. (A) Normal vs tumour tissues. (B) Benign vs malignant
tumour tissues. Statistically significant differences are represented as ***P<0.001, **P<0.01 and *P<0.02. Figure

from Silva-Santos et al. [1].

Furthermore, hsa-miR-141-3p/hsa-miR-200b-3p were able to distinguish RCTs and normal
tissue, benign from malignant and chromophobe RCC (chRCC) from oncocytoma (Table

1).
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Table 1 — Validity estimates for each miRNA and for the best combination of miRNAs in different diagnostic

settings, in fresh-frozen tissues. Table from Silva-Santos et al. [1].

miRNAs SE % SP % PPV % NPV %  Accuracy %
RCT vs normal renal tissue
hsa-miR-21-5p 76.7 100.0 100.0 26.0 78.0
hsa-miR-141-3p 81.7 100.0 100.0 31.0 83.0
hsa-miR-200b-3p 97.5 100.0 100.0 77.0 98.0
hsa-miR-141-
3p/hsa-miR-200b- 99.2 100.0 100.0 90.9 99.2
3p
RCC vs oncocytoma
hsa-miR-21-5p 48.9 93.3 95.7 37.8 60.0
hsa-miR-141-3p 25.6 100.0 100.0 13.0 33.0
hsa-miR-155-5p 50.0 83.3 90.0 35.2 58.3
hsa-miR-200b-3p 96.7 90.0 96.7 67.5 95.0
hsa-miR-141-
3p/hsa-miR-200b- 85.6 100.0 100.0 69.8 89.2
3p
chRCC vs oncocytoma
hsa-miR-141-3p 76.7 86.7 85.2 78.7 81.6
hsa-miR-200b-3p 83.3 90.0 89.3 84.4 86.7
hsa-miR-141-
3p/hsa-miR-200b- 90.0 100.0 100.0 90.9 95.0
3p

Abbreviations: SE — Sensitivity; SP — Specificity; PPV — Positive Predictive Value; NPV — Negative Predictive
Value; RCT — Renal cell tumor; RCC — Renal cell carcinoma; chRCC — chromophobe RCC

On other hand, hsa-miR-21-5p, hsa-miR-141-3p and hsa-miR-155-5p showed to be useful
as prognostic markers in a univariable analysis (Figure 4).
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Figure 4 — Disease specific-survival according with hsa-miR-21-5p, hsa-miR-141-3p and hsa-miR-155-5p

levels. Figure from Silva-Santos et al. [1].
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As before described in serum samples, (Table 1 of Review Article) miR-21 was able to
detect clear cell RCC (ccRCC) with 77.3% sensitivity and 96.4% specificity (Table 1 of
Review Atrticle). Hence, from the initial five miRNAs, four of them (hsa-miR-21-5p, hsa-miR-
141-3p, hsa-miR-155-5p and hsa-miR-200b-3p) showed to be a promise diagnostic and
prognostic biomarkers in RCC.

Additionally, Di Meo and colleagues from St. Michael’'s Hospital (Canada), demonstrated
that hsa-miR-126-3p discriminate ccRCC from papillary RCC (pRCC) and that hsa-miR-
200b-3p distinguish chRCC from oncocytoma in renal tissue.
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lH.AIM






Reducing mortality associated with renal cell carcinoma remains an important societal goal

and collective efforts have been made to expand the knowledge on effective early detection

biomarkers. These would allow for a decrease in the number of RCC cases identified at

advanced stage, increasing the likelihood of curative treatment and avoiding the need for

subsequent therapies with its adverse effects.

Thus, the aim of our dissertation was to investigate miRNAs’ potential as biomarkers for

early detection, as well as for renal cell tumor subtyping.

Specifically, we planned to:

Optimize ddPCR for five miRNAs (hsa-miR-21-5p, hsa-miR-126-3p, hsa-
miR-141-3p, hsa-miR-155-5p and hsa-miR-200b-3p) detection and
quantification using spiked plasma samples.

Assess the levels of six miRNAs (ath-miR-159a, hsa-miR-21-5p, hsa-miR-
126-3p, hsa-miR-141-3p, hsa-miR-155-5p and hsa-miR-200b-3p) in a
plasma samples set from patients with renal cell tumor and healthy donors,
using ddPCR.

Evaluate the association between levels and standard clinicopathological
parameters, assessing the diagnostic value of those five miRNAs (hsa-miR-
21-5p, hsa-miR-126-3p, hsa-miR-141-3p, hsa-miR-155-5p and hsa-miR-
200b-3p).
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IV.MATERIAL AND METHODS






1. PLASMA SAMPLES

1.1. Patients and Samples Collection
A total of five plasma samples were included in the optimization phase of the study, where
the pipeline was tested: one oncocytoma, one stage | pRCC, one stage | ccRCC, one stage
I chRCC and one adult healthy blood donor.

After optimization of the ddPCR pipeline, a cohort of 238 plasma samples was studied,
comprising: 160 samples collected from renal cell tumors patients at the time of diagnosis
and 78 healthy blood donors. Regarding renal tumor patients, 103 were diagnosed with
ccRCC, 23 were chRCC, 16 were pRCC, while 18 patients were diagnosed with a benign
tumor: oncocytoma. All patients were treated at IPO Porto by the same multidisciplinary
team between 2015 and 2021. After peripheral blood collection into EDTA-containing tubes,
plasma was separated by centrifugation at 2,500g for 30 min at 4°C, and subsequently
stored at -80°C in the institutional tumor bank until further use. All blood samples were
processed within 4h maximum from collection. Relevant clinical and pathological data was
analysed from clinical charts and grouped in an anonymized database that was constructed
for the analysis.

This study was approved by the institutional review board (Comisséo de Etica para a Satide)
of Portuguese Oncology Institute of Porto, Portugal (CES 518/2010).

2. RNA EXTRACTION

Total RNA was extracted from 100uL plasma using the MagMAX miRvana Total RNA
Isolation kit (Thermo Fisher, A27828), according to manufacturer's protocol (Figure 5).
Briefly, Proteinase K (PK) and PK digestion buffer were added to the plasma in the plate.
After 5 minutes of shaking at 950 rpm and 30 minutes of incubation at 65°C to the activation
of proteinase K, 100 pL of a solution compound by Lysis Buffer and 2-Mercaptoethanol was
added. Also, as a technical control, the non-human synthetic spike-in ath-miR-159a (0.2uL
per sample of a stock solution at 0.2nM) was added, in all samples, to the lysis buffer. Then,
20 pL of RNA binding beads were added and the plate were mixed by 7 minutes at 700 rpm
using Thermo Scientific™ Compact Digital Microplate Shaker (Thermo Fisher, 88882006).
To precipitate RNA, 270 uL of isopropanol was added to the sample and shaking 15 minutes
at 400 rpm. After that, the supernatant was discarded and proceed to wash RNA in the RNA
binding beads, with shaking of 950 rpm by 1 minute and 1 minute at Magnetic Stand-96
(Thermo Fisher, AM10027) between washes. Then, it was necessary to shake the
uncovered plate for 5 minutes ate 1150 rpm to dry the RNA Binding beads. The sample was
treated with Turbo DNase and the RNA was rebounded to the RNA Binding beads.
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Each sample was washed twice with 150 pL of Wash solution 2 and shaked by 950 rpm for
1 minute and 1 minute at Magnetic Stand-96 (Thermo Fisher, AM10027) between washes.
Lastly, RNA was eluted in 50 L of Elution buffer, agitated for 2 minutes at 1050 rpm, heated
for 5 minutes at 65°C, then agitated for 2 minutes at 1050 rpm and then the plate was placed
at Magnetic Stand-96 by 3 mins. The supernatant was collected to a 1.5 mL RNase-free
tube. All steps were performed at room temperature. The extracted RNA was stored at

-802C until further use.
W =] .
7Y [ Ve #
4 LL‘- - " - | ‘:‘: 2 |

Blood Sample Colection ~ MagMAX miRvana TagMan ddPCR Statistical
Total RNA Isolation Kit ~ MIRNART Kit Analysis
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hsa-miR-126-3p, hsa-miR-141-3p,
hsa-miR-155-5p, hsa-miR-200b-3p

Figure 5 — Pipeline of LiKidMiRs. Created with BioRender.com.

3. TAGMAN MIRNA REVERSE TRANSCRIPTION
Using the TagMan microRNA reverse transcription kit (Thermo Fisher, 4366596) according

to the manufacturer's protocol (Table 2), 5uL of previously isolated RNA were reverse
transcribed in the Veriti™ thermocycler for the miRNAs of interest and for spike-in (ath-miR-
159a, hsa-miR-21-5p, hsa-miR-126-3p, hsa-miR-141-3p, hsa-miR-155 -5p, hsa-miR-200b-
3p). Briefly, 0.15uL of 100mM dNTPs (with dTTP), 1uL of MultiScribe™ Reverse
Transcriptase (50 U/uL), 1.5uL of 10X Reverse Transcription Buffer, 0.19uL of RNase
Inhibitor (20U/uL), 6.41uL of Nuclease-free water and 0.75uL of a mix with the four assays
with a concentration of 20x (0.1875uL of each assay) were added to 5uL of isolated RNA
(Table 3).

Table 2 — Description of time and temperature of TagMan microRNA Reverse Transcription Kit.

Time (min) Temperature (2C)
30 16
30 42
5 85
Hold 4
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Table 3 — Components and volumes required for TagMan microRNA Reverse Transcription per sample.

Components Master Mix Volume/sample (15uL)

100mM dNTPs (with dTTP) 0.15uL

MultiScribe™ Reverse Transcriptase (50 1uL
U/uL)

10X Reverse Transcription Buffer 1.5uL

RNase Inhibitor (20U/uL) 0.19uL

Nuclease-free water 6.41puL

Mix Assays 0.75uL

Total 10pL

5uL of RNA

4. DROPLET DIGITAL PCR

DdPCR reactions were prepared according with optimizations performed: volume of cDNA
input [2uL (ath-miR-159a, hsa-miR-21-5p, hsa-miR-126-3p), 5uL (hsa-miR-155-5p and
hsa-miR-200b-3p) and 6L (hsa-miR-141-3p)], 11uL ddPCR Supermix for probes (Bio-Rad,
California, USA, #1863010), 1uL TagMan hsa-miRNA Assay (20x) and volume of bidistilled
water [8uL (ath-miR-159a, hsa-miR-21-5p, hsa-miR-126-3p), 5uL (hsa-miR-155-5p and
hsa-miR-200b-3p) or 4uL (hsa-miR-141-3p)]; assays: ath-miR-159a — 000338, FAM; hsa-
miR-21-5p — 000397, FAM; hsa-miR-126-3p — 002228, VIC; hsa-miR-141-3p — 000463,
FAM; hsa-miR-155-5p — 002623, FAM; hsa-miR-200b-3p — 002251, FAM. Droplets were
generated on the droplet generator QX200 (Bio-Rad, California, USA) and read on the
QX200 Droplet Reader (Bio-Rad, California, USA). The PCR run was set as follows: 95°C
10min, 50 cycles of 94°C 30s and “Annealing Temperature optimized” 1min — ramp rate
2°C/s — and 98°C 10min). The Annealing temperature for ath-miR-159a was set at 56°C
and for the other five miRNAs was 55°C.

The limit of blank (LOB) and limit of detection (LOD) was calculated for each target miRNA
according with Armsbruster et al. [2]. Additionally, the limit of quantification (LOQ) was
assessed by performing a 2-fold dilution series of a RCT sample for the five miRNAs.

5. QUALITY CONTROL STEPS

All plasma samples were visually inspected, and obvious hemolysis was not observed in
any samples. Appropriate engineering and manual controls were used to prevent
contaminations, including master mix made using a clean hood, clean gloves, PCR
reagents and consumables, and reactions performed in separate dedicated labs. RNA was
extracted from the cell lines of RCTs (Caki-1, HKC8, 769-P, Caki-2, ACHN, A498, 293 HEK,
786-0) and a pool of them was used as a positive control for the five miRNAs of interest.
As reported by Stein and colleagues [3], negative controls as no template control (NTC)
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and no enzyme control (NEC) were included in all cDNA synthesis. In ddPCR runs,
additionally to these negative controls, NTC for ddPCR reaction was added [3]. All samples

were run in a single reaction for each target.

6. STATISTICAL ANALYSIS

Non-parametric tests were performed to compare levels of each miRNA between histologic
subtypes, and to evaluate associations with clinicopathological features. Mann-Whitney U
test was used for comparisons between two groups, while Kruskal-Wallis test was used for
multiple groups, followed by Mann-Whitney U test with Bonferroni’s correction for pairwise
comparisons. A result was considered statistically significant when p-value<0.05.

For each miRNA, samples were categorized as positive or negative based on the cut-off
values established using Youden’s J index [4,5] (value combining highest sensitivity and
specificity), through receiver operator characteristic (ROC) curve analysis. Validity
estimates (sensitivity, specificity, and accuracy) were determined to assess biomarker
performance (Table 4). Panels were constructed to improve performance, considering a
positive result whenever at least one miRNA was plotted as positive in individual analysis.

Table 4 — Formulas for biomarker parameters calculation.

Tumor vs Normal Estimates
Tumor Normal
miRNA TP FP SE (%) TP/(TP+FN) x 100
positive
miRNA FN TN SP (%) TN/(TN+FP) x 100
negative

Accuracy (%) [(TN+TP)/(Total)] x

100
PPV (%) TP/(TP+FP) x 100
NPV (%) TN/(TN+FN) x 100

Abbreviations: TP — True Positive; FN — False Negative; FP — False Negative; TN — True Negative; SE
— Sensitivity; SP — Specificity; PPV — Positive Predictive Value; NPV — Negative Predictive Value

Two-tailed p-values calculation and ROC curve analysis were performed using SPSS 27.0
for Windows software (IBM-SPSS Inc., Chicago, IL, USA). All graphics were assembled
using GraphPad Prism 8.0 for Windows Software (GraphPad Software Inc., LA Jolla,CA,
USA).
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V.RESULTS






1. PATIENTS COHORTS CHARACTERIZATION

The relevant clinical-pathological features of our optimization and validation cohorts are
depicted in Table 5.

Table 5 — Clinicopathological data of Optimization cohort (5 samples) and Validation cohort (compound by 160
Renal Cell Tumors and 78 Healthy donors samples) used in this study.

Optimization Cohort (n=5 samples)

Cases Description
Sample #1 66 years, Oncocytoma
Sample #2 53 years, pRCC, Stage |
Sample #3 57 years, ccRCC, Stage |
Sample #4 46 years, chRCC, stage |
Sample #5 45 years, healthy blood donor
Validation Cohort (n= 238 samples)
Renal cell tumor samples 160
Healthy blood donors 78
Renal cell tumor patients - clinicopathological features

Age [years (median, interquartile range)] 64 (16.75)
Gender

Male 115/160 (71.9)

Female 45/160 (28.1)
Size of tumor mass [cm (mean, interquartile 4.55 (4.08)
range)]

Histology [n, (%)]

ccRCC 103/160 (64.4)
pRCC 16/160 (10.0)
chRCC 23/160 (14.4)
Oncocytoma 18/160 (11.3)

Stage [n, (%)]
| 67/142 (47.2)
! 10/142 (7.0)
]| 52/142 (36.6)

v 13/142 (9.2)
Nuclear grade [n, (%)]

1 9/104 (8.7)

2 56/104 (53.8)

3 27/104 (26.0)
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4 12/104 (11.5)
Vital State

Alive with disease 7/160 (4.4)
Alive without disease 140/160 (87.5)
Death from the disease 13/160 (8.1)
Healthy Blood Donors - clinicopathological features
Age [years (median, interquartile range)] 46 (4.25)
Gender
Male 46/78 (59.0)
Female 32/78 (41.0)

2. OPTIMIZATION PHASE AND COMPARISON OF PIPELINES

2.1. Input and temperature settings

First, the input of ddPCR reactions was optimized to achieve accurate separation of positive

and negative droplets for hsa-miR-21-5p, hsa-miR-126-3p, hsa-miR-141-3p, hsa-miR-155-

5p and hsa-miR-200b-3p. The optimal input was determined to be 2uL for hsa-miR-21-5p
and hsa-miR-126-3p, 5uL for hsa-miR-155-5p and hsa-miR-200b-3p, and 6 pL for hsa-miR-
141-3p, which rendered an optimal number of positive droplets (Figure 6A-E). Input for ath-

miR-159a was validated since it was already optimized in a previous study (Sequeira &

Lobo & Consténcio et al. submitted) (Figure 6F).
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Figure 6 — Optimization of LiKidMiRs pipeline. Hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-141-3p (C),
hsa-miR-155-5p (D) and hsa-miR-200b-3p (E) input optimization. Validation of ath-miR-159a input (F). Blue

squares indicate the optimal input.

A temperature gradient (54-62°C) was run to further optimize droplet separation. A

temperature around 55°C (54.7°C) provided the best separation (less rain) and highest
amplitude for the target miRNAs (Figure 7A-E) and a temperature around 56°C (55.7 °C)

was set for ath-miR-159a (Figure 7F). The optimal amplitude thresholds of 2500 (for hsa-
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miR-126-3p, hsa-miR141-3p, hsa-miR-155-5p, hsa-miR-200b-3p and ath-miR-159a) and of
3100 (for hsa-miR-21-5p) were applied to achieve maximal separation for all miRNAs.
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Figure 7 — Temperature gradient for optimization of hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-141-3p
(C), hsa-miR-155-5p (D) and hsa-miR-200b-3p (E). Validation of temperature optimized for ath-miR-159a (F).
The best separation was optimized around 56°C for ath-miR-159a and around 55°C for the other assays. Blue

rectangles indicate the optimal temperature.

2.2,

To achieve the most accurate separation of positive and negative droplets, serial dilutions

Positive Control

of positive control were performed with the best separation set at 1:50 for hsa-miR-21-5p,
hsa-miR-126-3p, hsa-miR-155-5p and hsa-miR-200b-3p, and without dilution for hsa-miR-
141-3p (Figure 8).
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Figure 8 — Optimization of LiKidMiRs pipeline. Best separation of positive and negative droplets in the hsa-miR-

141-3p positive control without dilution (C) and 1:50 for the other miRNAs (A,B,D,E). Importantly, for hsa-miR-
21-3p, hsa-miR-155-5p and hsa-200b-3p (A,D,E) there is no separation of droplets in the undiluted sample.

2.3. Further optimization of ddPCR protocol
For determining LOB and LOD, 30 NTC samples inserted in the cDNA synthesis step were
run for the five miRNAs and analysed according to Armbruster and colleagues [2]. LODs of
the assays were set as thresholds of positivity for the corresponding miRNAs in this pipeline
(Table 6).

Table 6 — Optimization of LiKidMiRs pipeline. Determination of Limit of Blank (LOB) and Limit of Detection
(LOD). LOB and LOD are presented as number of positive droplets.

miRNAs LOB LOD

hsa-miR-21-5p 3 8
hsa-miR-126-3p 4 9
hsa-miR-141-3p 2 6
hsa-miR-155-5p 8 14

hsa-miR-200b-3p 2 6




For calculating LOQ (allowing for precise quantification of the absolute number of copies
present in the sample), 2-fold dilutions series of a positive case were performed as
mentioned above. The determined LOQs were 46.75 copies/uL, 33.33 copies/uL, 1.54
copies/uL, 4.66 copies/uL and 0.44 copies/uL for hsa-miR-21-5p, hsa-miR-126-3p, hsa-
miR-141-3p, hsa-miR-155-5p and hsa-miR-200b-3p, respectively (Figure 9).
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Figure 9 — Limit of quantification of for hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-141-3p (C), hsa-miR-
155-5p (D) and hsa-miR-200b-3p (E). The red arrow points to the number of copies that the assay can still
reliably quantify.
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3. EVALUATION OF BIOMARKER DETECTION PERFORMANCE
— VALIDATION COHORT

3.1. Distribution of circulating miRNAs levels and biomarkers’
performance to detect Malignant Tumors
Initially, target miRNAs levels were compared between oncocytoma (a benign tumor) and

healthy donor samples. Importantly, no significant differences between these groups were
found for all the tested hsa-miRNAs (Figure 10).

hsa-miR-21-5p hsa-miR-126-3p hsa-miR-141-3p
2500 Sy 30004 2 47 sy
3 3 3
P 2000 2 3 s
s "G 2000 v
g 1500 o o :
8 ) £ S, 3
2 1000 < <
o £ 1000- U ﬂ% g
2 2 N
x 500+ ﬁ 14 A x
e ] A E ] &5 N PXWN
A & & B & ¥ c. & ¥
) & &
00 00 00
o(‘ 00 00
hsa-miR-155-5p hsa-miR-200b-3p
25— I Nn.s. I 159 I Nn.s. I
3 3
5 204 &
2 2 ]
& 154 o
) | )
3 104 ﬁ 3
> >
2 K]
r 54 ,ék o
Z £
NAVA -
& Q
D.\@s D
00
(%)
0{‘

Figure 10 — Violin plots of miRNAs levels in oncocytomas and Healthy Donors (HD) samples of hsa-miR-21-5p
(p-value=0.154), hsa-miR-126-3p (p-value=0.851), hsa-miR-141-3p (p-value=0.376), hsa-miR-155-5p (p-
value=0.066) and hsa-miR-200b-3p (p-value=0.535). Abbreviations: HD — Healthy Donors, n.s. — not significant.

Due to clinical relevance of discriminating malignant disease (RCC) from benign RCT and

healthy individuals, this comparison was subsequently performed. Interestingly, circulating

levels of hsa-miR-21-5p, hsa-miR-141-3p and hsa-miR-155-5p significantly differed

between these two groups (p-value<0.001, p-value=0.014 and p-value=0.039, respectively)

(Figure 11). Circulating levels of hsa-miR-21-5p disclosed the highest accuracy for

identifying malignant tumors, although hsa-miR-141-3p depicted the best sensitivity
45



(65.49%) and hsa-miR-155-5p the highest specificity (88.54%). Remarkably, a panel
comprising hsa-miR-21-5p/hsa-miR-155-5p was able to detect 88% of the three major RCC
subtypes, with 71.43% accuracy (Table 7). MiRNAs that did not significantly differ between

these two groups and other miRNAs panels tested are detailed in Supplementary Figure 1
and Supplementary Table 1.

It is noteworthy that the same three hsa-miRNAs were able to discriminate RCTs from
Healthy Donors (Supplementary Figure 2,3 and Supplementary Table 2,3).
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Figure 11 — Violin plots with all points of miRNAs levels in Benign tumors (Oncocytomas) with Healthy Donors
(HD) and Renal Cell Carcinomas (RCC) samples of hsa-miR-21-5p (A), hsa-miR141-3p (B) and hsa-miR-155-
5p (C) and respective Receiver Operating Characteristic Curve (D-F). Abbreviations: AUC — Area Under the
Curve; Cl — Confidence Interval, HD — Healthy Donors, RCC — Renal Cell Carcinoma.

Table 7 — Performance of miRNAs as biomarkers for detection of Renal Cell Carcinoma.

miRNAs SE % SP % PPV % NPV % Accuracy %
hsa-miR-21-5p 64.08 58.33 69.47 52.34 61.76
hsa-miR-141-3p 65.49 52.08 66.91 50.51 60.08
hsa-miR-155-5p 35.21 88.54 81.97 48.02 56.72
hsa-miR-21-
5p/hsa-miR-155- 87.32 47.92 71.26 71.88 71.43
S5p

Abbreviations: SE — Sensitivity; SP — Specificity; PPV — Positive Predictive Value; NPV — Negative
Predictive Value
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When the analysis was restricted to early stage disease (patients with organ confined
tumor) and healthy donor samples, hsa-miR-21-5p and hsa-miR-155-5p, but not the other
miRNAs (Supplementary Figure 4), retained the statistical difference (p-value<0.01 and p-
value=0.012) between these two groups (Figure 12 A-B). Thus, these two miRNAs were
able to detect small RCC (tumors limited to the kidney, without regional lymph node

metastasis) with 96.05% sensitivity and high negative predictive value (NPV) (88.00%)
(Table 8).

Remarkably, the AUC for both miRNAs was superior to 60.00% (Figure 12 C-D).
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Figure 12 — Violin plots of miRNAs levels in Healthy Donors (HD) and early stages of Renal Cell Carcinomas
(Stage | and Il) samples of hsa-miR-21-5p (A) and hsa-miR-155-5p (B) and respective Receiver Operating
Characteristic Curve (C-D). Abbreviations: AUC — Area Under the Curve; Cl — Confidence Interval; HD — Healthy
Donors.

Table 8 — Performance of miRNAs as biomarkers for identification of early stages Renal Cell Carcinomas.

miRNAs SE % SP % PPV % NPV %  Accuracy %
hsa-miR-21-5p 88.16 34.62 56.78 75.00 61.04
hsa-miR-155-5p 43.42 91.03 82.50 62.38 67.53
hsa-miR-21-
5p/hsa-miR- 96.05 28.21 56.59 88.00 61.69
155-5p

Abbreviations: SE — Sensitivity; SP — Specificity; PPV — Positive Predictive Value; NPV — Negative
Predictive Value
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4. MIRNAS LEVELS AND CLINICOPATHOLOGICAL FEATURES

Among the malignant RCC subtypes (ccRCC, pRCC and chRCC), significant differences
were found for hsa-miR-126-3p, hsa-miR-155-5p and hsa-miR-200b-3p circulating levels
(p-value<0.010, p-value=0.018 and p-value=0.013, respectively) (Figure 13).

Furthermore, hsa-miR-126-3p, hsa-miR-155-5p and hsa-miR-200b-3p circulating levels
significantly differed between the two major RCC subtypes, ccRCC and pRCC (p-
value<0.001 for hsa-miR-126-3p and p-value=0.015 for other miRNAs) (Figure 13B,E,F).
However, no statistical differences were found for other miRNAs (Figure 13A, C). Moreover,
no statistical differences were found for the tested circulating miRNAs between pRCC and
chRCC or between ccRCC and chRCC.
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Figure 13 — Violin plots of hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-141-3p (C), hsa-miR-155-5p (D)
and hsa-miR-200b-3p (E) levels in the malignant subtypes (ccRCC, pRCC and chRCC). Dashed lines indicate
the interquartile range and horizontal line the median of miRs levels. Abbreviations: ccRCC — Clear Cell Renal
Cell Carcinoma; chRCC — Chromophobe Renal Cell Carcinoma; pRCC — Papillary Renal Cell Carcinoma; n.s.
— not significant.
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Due to the poorer outcome and higher incidence of ccRCC, comparisons in circulating hsa-
miRNAs were performed between this subtype and the other two RCCs subtypes (Figure
14). Interestingly, ccRCC patients displayed significantly lower circulating levels of all hsa-
miRs compared to patients diagnosed with the other malignant subtypes (hsa-miR-126-3p,
hsa-miR-141-3p, hsa-miR-155-5p and hsa-miR-200b-3p; p-value<0.01, p-value=0.033, p-
value=0.018 and p-value<0.01 respectively — Figure 14), except for hsa-miR-21-5p.
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Figure 14 — Violin plots of hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-141-3p (C), hsa-miR-155-5p (D)
and hsa-miR-200b-3p (E) levels in ccRCC and other RCCs (pRCC and chRCC). Abbreviations: ccRCC — Clear
Cell Renal Cell Carcinoma; RCC — Renal Cell Carcinomas; n.s. — not significant.

Moreover, circulating hsa-miR-126-3p and hsa-miR-141-3p levels could discriminate
ccRCC from other RCC with 79.61% sensitivity and 81.55% sensitivity (Figure 15 and Table
9). A panel comprising hsa-miR-126-3p and hsa-miR-200b-3p detected ccRCCs with the
same sensitivity of hsa-miR-141-3p but with higher specificity (53.85%).
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Figure 15 — Receiver Operating Characteristic Curves of hsa-miR-126-3p (A), hsa-miR-141-3p (B), hsa-miR-

155-5p (C) and hsa-miR-200b-3p (D) in ccRCC and other RCC (pRCC and chRCC). Abbreviations: AUC — Area
Under the Curve; Cl — Confidence Interval.

Table 9 — Performance of miRNAs as biomarkers for identification of Clear Cell Renal Cell Carcinoma.

miRNAs SE % SP % PPV % NPV % Accuracy %
hsa-miR-126-3p 79.61 53.85 82.00 50.00 72.54
hsa-miR-141-3p 81.55 41.03 78.50 45.71 70.42
hsa-miR-155-5p 66.99 61.54 82.14 41.38 65.49
hsa-miR-200b-3p 62.14 71.79 85.33 41.79 64.79
LSl 81.55 53.85 82.35 52.50 73.94

hsa-miR-200b-3p

Abbreviations: SE — Sensitivity; SP — Specificity; PPV — Positive Predictive Value; NPV — Negative

Predictive Value

Interestingly, hsa-miR-141-3p was the only biomarker able to discriminate early stage from
advanced stage disease (Supplementary Figure 5). Patients with organ confined tumors
(Stage | and Il) disclosed significantly higher hsa-miR-141-3p circulating levels compared
to those invading beyond the renal capsule (Stage Il and V) (p-value = 0.016; Figure 16).
Furthermore, hsa-miR-141-3p displayed 93.85% sensitivity, although with a very modest

specificity (15.00%).

miR levels (copies/uL)

hsa-miR-141-3p

Figure 16 — Violin plot of hsa-miR-141-3p levels in early stages and advanced stages.
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RCC remains a major cause of cancer-related death worldwide. Alongside with prostate
and bladder cancers, RCC is one of the most common urological malignancies [6]. Early
detection of RCC (ideally at stage | or Il) significantly increases the likelihood of cure through
surgical treatment, with a 5-year survival of 98%, avoiding the need for subsequent
therapies, which often carry adverse side effects [7]. Nonetheless, 20-30% of patients
display metastatic disease at diagnosis [6,8] and following curative-intent nephrectomy, the
standard of care treatment for localized RCC, metastases are found in up to 20-40% of
patients [8]. Importantly, the response to treatment (mostly targeted therapy or
immunotherapy) is rather limited, with a 5-year survival rate lower than 10%. Among RCCs,
ccRCC, pRCC and chRCC represent more than 90% of the diagnosis, underlining the
importance of accurately detecting these tumor subtypes and discriminate them from benign
conditions [8,9].

Currently, circulating miRNAs are suggested as an emergent minimally invasive approach
for cancer detection. Thus, these molecules may represent promising RCC biomarkers.
Nevertheless, only a small number of studies have tackled this promise in RCC [7,10-21].
Hence, in this dissertation, we assessed the clinical potential of a circulating miRNA-based
strategy for RCC detection using ddPCR.

After a first analysis and considering that no significant differences were observed in
circulating hsa-miRs between oncocytomas and healthy donors, we showed that three (hsa-
miR-21-5p, hsa-miR-141-3p and hsa-miR-155-5p) out of the five candidate miRNAs might
be suitable markers for detection of RCC. Despite hsa-miR-21-5p has been described to
act as an oncomiR, we observed lower circulating levels in RCC patients [14,22-24]. This
might be due to the distinct amounts of miRNAs levels in the different clinical samples.
Indeed, higher miRNA levels may be found in tissues comparing with body fluid samples
[25]. Importantly, increased hsa-miR-21-5p levels were also found in serum samples of RCC
patients, further supporting the fact that, indeed, levels of circulating miRNAs in serum and
plasma may be different [14]. In the same line, in breast cancer, hsa-miR-30b-5p levels were
lower tissue samples when compared with plasma samples, disclosing the disparities
between these two sample sources [26]. Furthermore, Mompéon et al. have shown that
these sources exhibit different miRNAs patterns and therefore are not comparable [27]. Of
note, plasma has been reported to be the sample of election for translational studies [27-
29], as red blood cells lysis during coagulation process increases the discharging of RNA to
serum, modifying the circulating miRNAs present in each sample [28]. Also, mistaken
normalization and biased results may occur if the used normalizer is not the most suitable.
Indeed, U6, which has been used by other research teams [18], is more prone to
degradation by serum RNAses. Interestingly, this miRNA was also able to discriminate RCT
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patients from healthy donors, and, as previously reported by our research team, hsa-miR-
21-5p had significantly lower levels in tissue samples from RCT patients [1].
Concerning hsa-miR-141-3p, it is acknowledged as a tumor suppressor by causing cell
cycle arrest, and significant lower levels has been previously reported in RCC samples, in
line with our results [1,19,30]. Because the levels of this miRNA decreases during tumor
progression, it was able to detect 93.85% of early stage RCC, disclosing higher levels in
localized RCC compared to advanced stage RCC. Remarkably, higher levels of circulating
hsa-miR-155-5p was found in RCC patients, and a panel comprising hsa-miR-155-5p and
hsa-miR-21-5p could identify 87.32% of RCC patients with 71.43% accuracy. Remarkably,
hsa-miR-155-5p was shown to have higher levels in tissue [1,30] and in ccRCC serum
samples [17], being also associated with cancer development [30]. Moreover, hsa-miR-21-
5p/hsa-miR-155-5p panel depicted high sensitivity (96.05%) for identifying organ confined
carcinomas, which might allow for reducing false-negative results and increase the
likelihood of curative-intent treatment. To the best of our knowledge, this is the first study
that evaluated the biomarker performance of plasma circulating hsa-miRs to detect early
stage RCC. Previously, Wang and colleagues described a 5-miRNA panel (miR-193a-3p,
miR-362, miR-572, miR-378 and miR-28-5p) that was able to identify early stage RCC,
although in serum samples [16]. Furthermore, our panel achieved higher NPV than that
reported by Wang et al. [16].
We further evaluated whether circulating hsa-miRNAs might also convey relevant
information to discriminate ccRCC from the remainder RCC subtypes. Indeed, four out five
miRNAs were able to differentiate this major RCC subtype from the remainder. The panel
constituted by hsa-miR-126-3p and hsa-miR-200b-3p disclosed the best performance, with
81.55% sensitivity and 53.85% specificity. Considering that ccRCC is an aggressive RCC
subtype, early detection is of major importance, and its accurate identification might enable
improvement in patients' outcome [14,31].
Despite various studies have reported other strategies for RCC identification (including
imaging and epigenetic biomarkers), our results seem to offer the best sensitivity for RCC
detection [32,33]. Indeed, the methodology we developed uses lower initial sample volume
[7,10,11,13,14,16,21], is more cost-effective and better tolerated by patients. Molecular
imaging like 'F-fluorodeoxt-glucose (FDG) positron emission tomography/computed
tomography (PET/CT) was reported to detect localized RCC, but it discloses lower
sensitivity (only 22%) [32,34]. Despite the superior specificity (85.9%) of '2*I-cG250 PET for
RCC detection, when compared to our hsa-miR-21-5p/hsa-miR-155-5p panel (47.92%), this
monoclonal antibody has a half-life of several days, constituting a significant disadvantage
in relation to the protocol reported by us [35]. Moreover, diffusion magnetic resonance
imaging was reported to be able to characterize malignant lesions with similar sensitivity
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(86%) to our panel but with higher specificity (78%) [36]. Nevertheless, it should be noted
that despite better performance, these imaging biomarkers are more costly and less well
tolerated by the patient, compared to liquid biopsies [32].

The intense exploration of circulating epigenetic markers such as DNA methylation,
miRNAs and IncRNAs is well illustrated by the number (over 60) articles published in this
field since 2003 [33]. So far, 10 DNA methylation-based studies (e.g., using VHL, RASSF1A,
P16, P14, RARB, TIMP3, GSTP1, APC) for RCC detection were published [37-46] and only
33.33% of these had a RCC cohort with more than 50 patients [39,42,43]. Compared with
those studies, our results provide higher sensitivity (6-83%). However, DNA methylation-
based markers displayed high specificity (53-100%). This was also observed in three
IncRNAs studies (e.g., GIHCG, LINC00887) [47-49], in which the diagnostic performance
was generally lower than in our study (67.1-87.0%), but the specificity reached >80% for all
biomarkers. Although our biomarker panels disclosed high sensitivity, their specificity is
limited. Thus, in a envisage routine setting, they would ideally be used in first line screening,
requiring complementary use of more specific biomarkers in cases deemed as positive. In
liquid biopsies, DNA methylation-based markers such as VHL, RASSF1A, TIMP3, SFRP1,
SFRP2, SFRP4, SFRP5, PCDH17 and TCF21 have been shown to be highly specific
(100%) [37,38,40,41,44-46], and, thus, constitute good candidates as second-line tests, in
this setting.

As previously reported by us, most circulating miRNA studies are based on blood-based
liquid biopsies [50]. When compared with our protocol, only few studies included more than
100 RCC patients, which might, at the least partially, explain the differences in results [33].
Additionally, the discrepant results might also be explained, as described above, by the
biased normalization (e.g., spike-in as normalizer miRNA, U6, RNU48) [12,14,18-20].
Nevertheless, the sensitivity reported for the most widely studies serum miRNAs (miR-210,
miR-1233 and miR-378) was generally lower than our plasma panel [13,18,21]. Indeed,
using this less time-consuming and more cost effective approach, we were able to detect
RCC using a minimally invasive technique, with lower initial quantity of plasma than serum-
based studies (although detecting other miRNAs), and obtained similar or even better
results, obviating the need for normalization and the associated bias (due to ddPCR
absolute quantification) [7,10,11,13,14,16,21]. Hence, our results clearly demonstrate a
potential clinical application of this technology for identification of RCC, being the first study
to quantify circulating miRNAs in these patients using ddPCR (Figure 17).

These results require validation in larger multicenter prospective studies. Overall, and
notwithstanding our promising results for RCC detection, it should be acknowledged that
the lack of long-term follow-up constitutes a major limitation. Also, further studies using
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liquid biopsies should also be considered to further subtype RCC, namely, to distinguish
oncocytomas from chRCCs avoiding unnecessary treatment.
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Figure 17 — Algorithm for LiKidMiRs' clinical application. Created with BioRender.com.
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VII.CONCLUSIONS AND
FUTURE PERSPECTIVES






In conclusion, our findings support the research question that a minimally invasive test can
be developed to detect RCC, improving RCC patients’ survival through increased diagnosis
at earlier stages. This might help reduce the morbidity associated with advanced disease,
as well the lack of curative treatment at those stages. Furthermore, and to the best of our
knowledge, this work is the first to report a novel tool to quantify circulating miRNAs using
ddPCR in RCC patients.

Considering our findings, we intend to:

— Test novel miRNAs for RCC subtyping;

— Explore miRNAs as discriminators between chRCC and oncocytomas;

— Develop a miRNAs multiplex ddPCR-based test with selected miRNAs;

— Explore whether exosomal miRNAs might improve the sensitivity of the selected
miRNAs;

— Establish the most sensitive and specific miRNA analysis technique (circulating
miRNAs or exosomal miRNAs) for RCC detection;

— Validate the results in a larger multicenter prospective cohort of RCC patients,
including those with advanced stage disease.
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Abstract

Testicular germ cell tumors (TGCTs) are the most common cancers in young-adult males
aged between 15-39 years. Hsa-miR-371a-3p is currently the most reliable biomarker for
diagnosis and monitoring of these patients non-invasively in liquid biopsies, and it is
destined to be introduced in the clinic due to improved performance compared to the
classical serum tumor markers available. Current studies have focused on real-time
quantitative PCR (RT-gPCR) protocols for its determination; still, some challenges remain,
since these protocols often require preamplification steps (costly and time-consuming), and
report relative levels normalized to a housekeeping microRNA, not always performed the
same way. Droplet digital PCR (ddPCR) shows the promise to overcome these challenges,
skipping normalization and preamplifications, but has hardly been explored in the field of
TGCTs.

In this work, we provide a report of a ddPCR-based pipeline for quantification of hsa-miR-
371a-3p (the DigiMir pipeline) and compare it with two RT-gPCR protocols. A total of 107
plasma samples were investigated in the validation setting. The DigiMir pipeline detected
TGCTs in a manner representative of tumor burden, with a sensitivity and specificity of 94%
and 100%, respectively, outperforming the combined sensitivity of all three classical serum
tumor markers (61,5%). Therefore, in this proof-of-concept investigation, we have showed
that DigiMir pipeline constitutes a new promising methodology for accurately reporting hsa-
miR-371a-3p in the clinical setting.

Keywords
Testicular germ cell tumors; ddPCR; hsa-miR-371a-3p; RT-gPCR; liquid biopsies;
diagnosis.



Introduction

MicroRNAs are small non-coding RNAs that are becoming more and more popular as
biomarkers of disease, including cancer. They are interesting for clinical use in part due to
their stability in bodily fluids, making them attractive non-invasive liquid biopsy biomarker
candidates, but also due to ease of detection with relatively low-cost methodologies widely
available, such as PCR-based ones '. These microRNAs are also dynamic and versatile,
reflecting the status of disease and often being useful both for diagnostic, prognostic, and
follow-up purposes. However, still, few of these promising microRNAs actually make it to
full integration in the clinic, in part due to technological challenges related to detection and

reporting 2.

Testicular germ cell tumors (TGCTs) are among the most common solid neoplasms arising
in young-adult Caucasian men 3. For these tumors, a set of microRNAs which regulate
embryonic development have proved their value as accurate liquid biopsy biomarkers of the
disease “6. Among them, the hsa-miR-371a-3p has shown the best clinical results,
outperforming the classical serum tumor markers nowadays available in the routine [alpha
fetoprotein (AFP), human chorionic gonadotropin (HCG) and lactate dehydrogenase
(LDH)], which show important limitations 7-''. Since the study of Voorhoeve et al in 2006 2,
an overwhelming amount of evidence has built in the last decade, demonstrating the
accuracy of hsa-miR-371a-3p, determined by real-time quantitative PCR (RT-qPCR), for
the diagnosis and follow-up of TGCT patients (except for pure teratoma '3), with sensitivities
and specificities mostly >90% #'7. This microRNA has a short half-life, correlates with tumor
burden, can reliably be detected in several bodily fluids, and is able to predict recurrences
and viable tumor in post-chemotherapy masses ¥%”. The confirmation of these findings in
large, prospective, multicentric studies increased even more the interest in this biomarker
2829 |eading to organization of clinical trials (NCT03067181; NCT04435756) and proposals

for introduction of a quantitative test in the clinic 3031,

However, there is still some room for attempting to improve such a test. An increased
technical sensitivity is desirable for stage | patients with low tumor burden, sometimes
missed by the hsa-miR-371a-3p test, not only for diagnosis but especially for early
discrimination of patients at risk of relapsing, allowing for timely adjusting the therapeutic
strategy (surveillance versus adjuvant chemotherapy), sparing young patients from
unnecessary cytotoxic treatments 3233, Moreover, most protocols for determination of hsa-
miR-371a-3p levels rely on preamplification steps, which may be argued to produce some
variability related to increased cycling (besides being costly, time-consuming, and
facilitating events of contamination and unspecific amplifications). Also, the commonly used
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protocols rely on normalization to housekeeping microRNAs (variable from study to study),
giving a relative quantification (as opposed to the absolute number of copies of the marker),
and the method of normalizing and reporting RT-qPCR data differs among studies, raising
the need for a consensus procedure and pipeline 3'34,

In recent years, droplet digital PCR (ddPCR) has emerged as a new methodology for
accurately quantifying liquid biopsy biomarkers and for detection of minimal residual
disease 3°%. DdPCR provides absolute quantification, obviating the need for normalization
to housekeeping microRNAs and facilitating setting of cutoffs of positivity, and is less
influenced by inhibitory substances, due to the partitioning process. However, its application
for microRNA quantification is still largely unexplored [with few studies available 3-4], and
only one very recent study attempted to apply such protocol to hsa-miR-371a-3p
determination in TGCTs .

In this work we describe a pipeline for quantification and reporting of hsa-miR-371a-3p in
plasma samples of TGCT patients using ddPCR (DigiMir test) and provide a direct
comparison with two other available RT-qPCR methods for quantification of this biomarker.
We perform several technical optimizations of the ddPCR pipeline, which obviated the
preamplification step, and finally validate our findings in a larger cohort of plasma samples.

Methods

Samples

A total of five plasma samples were included in the proof-of-concept phase of the study,
where the three pipelines were compared and optimization of technique was performed:
two stage | seminomas, one stage Il embryonal carcinoma, one stage Ill embryonal

carcinoma, and a young-adult male healthy blood donor.

After optimization of the ddPCR pipeline, a validation set of 107 plasma samples was
investigated, comprising: 56 samples from TGCT patients (31 drawn right before
orchiectomy; 25 in the context of routine follow-up); three samples from patients with non-
TGCT testicular masses (two Leydig cell tumors and one Mullerian type tumor of the testis);
47 male healthy blood donors; and additionally one patient with an AFP-secreting
hepatocarcinoma (representing the context of non TGCT-related AFP elevation). Of the 31
TGCT patients included in the study, all 31 had a pre-orchiectomy sample, six had one
follow-up sample, eight had two follow-up samples and one patient had an additional
intermediate sample, totalizing three follow-up samples. The median time from orchiectomy
to the first follow-up samples was 6 months (interquartile range [IQR] = 8 months); the
median time from orchiectomy to the second follow-up samples was 15 months (IQR = 7
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months). Also, all blood samples coincided with routine determinations of classical serum
markers AFP, HCG and LDH, which were available and compared to hsa-miR-371a-3p
measurements.

All patients were diagnosed and treated at IPO Porto by the same multidisciplinary team.
Patients with suspicion of other malignancies were excluded. After collection of peripheral
blood into EDTA-containing tubes, plasma was separated centrifuging at 2,500 rpm for 30
min at 4°C, and subsequently stored at -80°C in the institutional tumor bank. All blood
samples were processed within 4h maximum from collection. All clinical and
histopathological data of the patients was reviewed by a TGCT-dedicated pathologist and
according to most recent WHO 2016 classification and AJCC 8™ edition staging manual *6.

Complete description of the optimization and validation cohorts is provided on Table 1.

RNA Extraction

Total RNA was extracted from 100pL plasma and eluted in 50uL of elution buffer, using the
MagMAX miRvana Total RNA Isolation kit (Thermo Fisher, A27828), according to
manufacturer’s protocol. As a technical control, the non-human synthetic spike-in ath-miR-
159a (0.2uL per sample of a stock solution at 0.2nM) was added to the lysis buffer (with 5’-
Phosphate modification for TagMan Advanced microRNA protocol, see below).

Table 1 — Clinicopathological description of the optimization and validation cohorts.

Optimization cohort (n=5 samples)

Cases Description
Sample #1 37 years, Seminoma, Stage |
Sample #2 28 years, Seminoma, Stage |
Sample #3 37 years, Embryonal carcinoma,
Stage Il
Sample #4 34 years, Embryonal carcinoma,
stage Il
Sample #5 44 years, healthy blood donor
Validation cohort summary (n= 107 samples)
TGCT samples 56
Pre-orchiectomy 31
First follow-up timing 15
Second follow-up timing 9
Third follow-up timing 1
Non-TGCT testicular mass samples 3
Male healthy blood donors 47
Non-testicular tumor with elevated AFP 1

(hepatocarcinoma)
TGCT patients — clinicopathological features

Age (years [median, interquartile range]) 33 (8.5)
Size of tumor mass (cm [mean, interquartile range]) 5.7 (3.95)
Histology (n, %)
Seminoma 19/31 (61.3)
Embryonal carcinoma 2/31 (6.5)
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Mixed tumor 9/31 (29.0)

Postpubertal-type yolk sac tumor 1/31 (3.2)
Stage (n, %)

I 19/31 (61.3)

] 6/31 (19.4)
] 6/31 (19.4)
AFP positive (n, %) 9/31 (29.0)
HCG positive (n, %) 12/31 (38.7)
LDH positive (n, %) 14/31 (45.2)
Either AFP or HCG or LDH positive (n, %) 20/31 (64.5)

Abbreviations: AFP — alpha fetoprotein; HCG — human chorionic gonadotropin; LDH — lactate dehydrogenase.

TagMan Advanced (global) microRNA pipeline

Two microliters of isolated RNA were reverse transcribed and preamplified (14 cycles) using
the Tagman Advanced hsa-miRNA cDNA synthesis (Thermo Fisher, A28007) in a Veriti™
96-Well Thermal Cycler (Applied Biosystems™), following the manufacturer’'s protocol.
Then, 2.5 uL of the diluted preamplification product were plated on 96-well plates and run
on a QuantStudio 12K Flex platform using the following conditions: 5uL TagMan Fast
Advanced Master Mix (2x), 0.5uL of TagMan Advanced hsa-miRNA Assay (20x) and 2uL
RNase-free water; assays: ath-miR-159a - 478411_mir, FAM; hsa-miR-371a-3p -
478070_mir, FAM; hsa-miR-30b-5p — 478007_mir, VIC; run conditions: 95°C 20s followed
by 40 cycles at 95°C 1s and 60°C 20s).

TagMan (target-specific) microRNA pipeline

Five microliters of isolated RNA were reverse transcribed for the following pool of
microRNAs (ath-miR-159a, hsa-miR-371a-3p and hsa-miR-30b-5p) using the TagMan
microRNA Reverse Transcription kit (Thermo Fisher, 4366596) in the same Veriti™
thermocycler, according to the protocol reported in 8. Next, 5uL of cDNA were preamplified
(12 cycles) using the TagMan Preamp Master Mix (Thermo Fisher, 4391128), and then
eluted in 75uL bidistilled water. One microliter of the diluted preamplification product was
plated on the same QuantStudio 12K Flex platform using the following conditions: 5uL 2x
TagMan Universal Master Mix no UNG, 0.5uL of TagMan hsa-miRNA Assay (20x) and
3.5uL RNase-free water; assays: ath-miR-159a — 000338, FAM; hsa-miR-371a-3p —
002124, FAM; hsa-miR-30b-5p — 000602, VIC; run conditions: 50°C 2min, 95°C 10min,
followed by 40 cycles at 95°C 15s and 60°C 1min).

Droplet Digital PCR (ddPCR): DigiMir pipeline

Five microliters of isolated RNA were reverse transcribed for the following pool of
microRNAs (ath-miR-159a, hsa-miR-371a-3p) using the TagMan microRNA Reverse
Transcription kit (Thermo Fisher, 4366596) in the same Veriti™ thermocycler, according to

the protocol reported in '®. DdAPCR reactions were prepared as follows: 2L (ath-miR-159a)
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or 4uL (hsa-miR-371a-3p) of cDNA, 11uL ddPCR Supermix for probes (Bio-Rad, California,
USA, #1863010), 1uL TagMan hsa-miRNA Assay (20x) and 8uL (ath-miR-159a) or 6uL
(hsa-miR-371a-3p) of bidistilled water; assays: ath-miR-159a — 000338, FAM and hsa-miR-
371a-3p — 002124, FAM. Droplets were generated on the automated droplet generator
QX200 AutoDG (Bio-Rad, California, USA) and read on the QX200 Droplet Reader (Bio-
Rad, California, USA). The PCR run was set as follows: 95°C 10min, 50 cycles of 94°C 30s
and 56°C 1min — ramp rate 2°C/s — and 98°C 10min).

The limit of blank (LOB) and limit of detection (LOD) of the assays were calculated as
indicated in #’. The limit of quantification (LOQ) was assessed by performing a 2-fold dilution

series of a TGCT sample for both miRNAs.

Quality control steps and statistics

Plasma samples were visually inspected, and no samples had obvious signs of hemolysis.
Appropriate engineering and manual controls were used to prevent contaminations,
including master mix made using a clean and UV-irradiated hood prior to adding any
template, clean gloves, PCR reagents and consumables, and reactions performed in
separate dedicated Labs. RNA was extracted from the seminoma-like cell line TCam-2 and
used as a positive control for hsa-miR-371a-3p in all pipelines. No template control (NTC)
and no enzyme control (NEC) were included in all cDNA synthesis and PCR stages, as
negative controls. For ddPCR pipeline optimization, further negative controls (“no cDNA
control”, “no Supermix control” and “no assay control”) were included, as recommended #4.
All RT-gPCR reactions were performed in triplicates, and those in ddPCR in duplicates.
Results were plotted in GraphPad Prism 9. The thresholds of positivity of the hsa-miR-371a-
3p and ath-miR-159a assays were defined based on LOD calculation, as determined below.
Correlations were computed using the non-parametric Spearman correlation coefficient.
Diagnostic performance of the DigiMir pipeline was assessed by calculating sensitivity,
specificity, negative predictive value (NPV) and positive predictive value (PPV) for diagnosis
of TGCT.

A diagram of the study protocol is provided in Figure 1.



MagMax miRVana (total RNA)

TagMan miRNA Reverse
Transcription kit

ddPCR: QX200 ddPCR System RT-qPCR: QuantStudio Flex12

Figure 1 — Diagram of the study protocol, including RT-qPCR and ddPCR pipelines. Abbreviations: ddPCR —
droplet digital PCR; preamp — preamplification; RT-qPCR — real-time quantitative PCR

Results
Optimization phase and comparison of pipelines

Input and temperature settings

We first optimized the input of the PCR reactions, specifically in the TagMan (target-specific)
microRNA protocol. We found no remarkable differences in Ct values obtained for synthetic
ath-miR-159a when using either 1uL or 2uL of cDNA as input (Cts 13.940-14.285 and
13.873-14.130).

For the DigiMir pipeline, and to achieve accurate separation of positive and negative
droplets for the ath-miR-159a, the optimal input was determined to be 2uL, which rendered
an optimal number of positive droplets - Figure 2A). The optimal input for hsa-miR-371a-3p
was determined to be 4pL, which rendered more positive droplets when compared to 2uL
and 3uL and, approximately, the same positive droplets when compared to 5uL and 6L.

These optimized input conditions were used for the following tasks.
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A temperature gradient (56-62°C) was then run to further optimize the droplet separation of

the protocol. We verified that a temperature around 56°C (55.7 °C) provided the best

separation (less rain) and highest amplitude for both ath-miR-159a and hsa-miR-371a-3p,

and this was set for the validation study (Figure 2B, respectively). The optimal amplitude

thresholds of 2500 were applied to achieve maximal separation for both ath-miR-159a and

hsa-miR-371a-3p.
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Figure 2 — A - Optimization of DigiMir pipeline. Ath-miR-159a and hsa-miR-371a-3p input optimization. B -
Temperature gradient for further optimization of ath-miR-159a (green) and hsa-miR-371a-3p (blue) assays on
the DigiMir pipeline. Notice that the best separation is achieved around 56°C for both assays.
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Controls, sensitivity, and specificity

Related to non-specific amplifications with both RT-qPCR-based protocols, we found the
TagMan Advanced (global) microRNA pipeline to result in “undetermined” Ct for the healthy
blood donor (and in the TCam-2 sample, which was not spiked-in with the synthetic oligo),
but to produce sporadic late amplifications for ath-miR-159a in the NTC inserted on cDNA
synthesis (Ct 33.3) and for hsa-miR-30b-5p in the NEC (Ct 37.5).

For the TagMan (target-specific) microRNA protocol, in the runs performed for optimization,
we could detect non-specific late amplification for the hsa-miR-371a-3p in the male healthy
blood donor (Ct 30.5) and in the NTC inserted on cDNA synthesis (Ct 38). Also, non-specific
amplifications were detected for both hsa-miR-30b-5p and ath-miR-159a in the NTC
inserted in cDNA synthesis (Ct 32 and Ct 29.5, respectively) and in the NEC (Ct 34 for both).
The ath-miR-159a also rendered a non-specific late amplification in the non-spiked-in
TCam-2 sample (Ct 38).

For the DigiMir protocol and using the thresholds of positivity defined below for both hsa-
miR-371a-3p and ath-miR-159a, the healthy male blood donor sample was negative for the
hsa-miR-371a-3p. The remaining negative controls (NTCs, NECs, and additionally “no
cDNA control”, “no Supermix control” and “no assay control”) were consistently negative for

hsa-miR-371a-3p and for ath-miR-159a considering the calculated LOB.

As for the TCam-2 positive control, the TagMan Advanced (global) microRNA pipeline
detected hsa-miR-371a-3p at Ct 14.5, while an earlier Ct of 8 was produced with the
TagMan (target-specific) microRNA protocol. For the DigiMir pipeline, and to achieve
accurate separation of positive and negative droplets, TCam-2 serial dilutions were
performed, with the best separation being set at 1:50 (Figure 3).
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Figure 3 — Optimization of DigiMir pipeline. Best separation of positive and negative droplets in the hsa-miR-
371a-3p TCam-2 positive control with 1:50 dilution. Notice that there is no separation of droplets in the undiluted
sample.

Related to ability of detection of small burden stage | disease, we verified that with the
TagMan Advanced (global) microRNA pipeline we could only detect hsa-miR-371a-3p in
one of the two stage | seminoma samples (Figure 4A). There was a positive correlation with
tumor burden, with higher relative levels being detected in stage Ill compared to stage |l

and stage | disease.

However, both stage | samples could be detected with TagMan (target-specific) microRNA
protocol and with ddPCR pipeline (Figure 4B-D). A positive correlation with tumor burden
was also shown by both protocols, with higher levels in stage Ill compared to stage Il and |
(Figure 4D for the ddPCR pipeline and Figure 4E for RT-qPCR).

We also performed the TagMan (target-specific) microRNA protocol omitting the
preamplification step, with 2uL input in the PCR run. The stage Ill sample was detected (Ct
30.0), but both the stage | and Il samples gave only late amplifications (Ct >34), evidencing
the reduced sensitivity for detecting low burden disease without preamplification in the RT-
gPCR method (Figure 4F).
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Figure 4. Detection of patient samples by PCR methodologies. A — Detection of samples of the optimization
phase using the TagMan Advanced (global) microRNA pipeline. Notice amplification of positive control TCam-
2, followed by the stage lll patient and one of the stage | patients. The remaining two patients (and the healthy
blood donor) do not amplify; B — Detection of the same samples using the TagMan (target-specific) microRNA
pipeline. Notice the overall earlier amplification of all samples. The positive control TCam-2 is detected, followed
by all patient samples (stage lll, stage |, stage Il and stage | from left to right). However, the healthy blood donor
also shows amplification (curve most to the right); C — Detection of the same samples using the ddPCR pipeline.
Notice the overall amplification of all samples. All patient samples (stage |, stage |, stage Il, stage Ill and healthy
donor from left to right) amplified; D — Absolute levels of hsa-miR-371a-3p using the ddPCR pipeline; E —
Relative levels of hsa-miR-371a-3p, normalized to hsa-miR-30b-5p levels, using the TagMan (target-specific)
microRNA pipeline; F — Same samples and protocol used in B, but omitting the preamplification step. Notice
that all samples amplify later, and only the TCam-2 and the stage Il patient (curves most to the left, respectively)
are detected with a Ct value lower than 34.
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Variability and Precision

For assessing variability of the three pipelines, we defined four experimental settings:
“Setting #1”, with cases being extracted in two distinct timings; “Setting #2”, where the same
extraction was always used but cases were submitted to two different cDNA syntheses;
“Setting #3”, with samples deriving from the same extraction and cDNA synthesis, but with
two different operators plating the PCR reaction; and “Setting #4”, same as Setting #3 but
with the same operator plating the PCR reaction twice, on two distinct occasions (Figure 5)

The TagMan Advanced (global) microRNA pipeline showed the highest variability between
the various experimental settings, as observed in Figure 5A-C. This included the
assessment of the non-human spike-in ath-miR-159a, which had poorer recovery (later Ct
range) when compared to the TagMan (target-specific) microRNA protocol and resulted in
higher variability in spike-in detection among samples. The overall higher reproducibility of
the TagMan (target-specific) microRNA protocol is evidenced in Figure 5D-F.

For the DigiMir pipeline, ath-miR-159a was well recovered in all samples (Figure 5G) and
hsa-miR-371a-3p was detected in all experimental instances, illustrating tumor burden (with
higher detection in the stage lll sample) and being negative (below the threshold of
positivity) for the healthy blood donor (Figure 5H).

When comparing the results for hsa-miR-371a-3p quantification between the various
experimental settings, a strong positive correlation was found for all instances (Figure 6A-
L). Additionally, when comparing the quantification of hsa-miR-371a-3p using the TagMan
(target-specific) microRNA protocol with the one obtained with the DigiMir pipeline, a strong
positive correlation between hsa-miR-371a-3p relative levels (normalized to hsa-miR-30b-
5p) and absolute copies/uL was obtained (Figure 6M).
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Figure 5 — Comparison of pipelines. A-C: TagMan Advanced (global) microRNA pipeline; D-F: TagMan (target-
specific) microRNA pipeline; G-H: DigiMir pipeline. The x-axis represents the samples used for the optimization
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Figure 6 — Correlation between hsa-miR-371a-3p quantifications. A-D: TagMan Advanced (global) microRNA
pipeline; E-H: TagMan (target-specific) microRNA pipeline; I-L: DigiMir pipeline; M — correlation between the
DigiMir pipeline and the TagMan (target-specific) microRNA pipeline quantifications (the latter normalized to
hsa-miR-30b-5p and using the 2-24Ct method).

Further optimization of ddPCR protocol

For determining the LOB and LOD, 30 NTC samples inserted in the cDNA synthesis step
were run for both hsa-miR-371a-3p and ath-miR-159a. The LOB of the hsa-miR-371a-3p
was then determined to be 3 droplets, meaning a LOD of 5 droplets. The LOB of ath-miR-
159a was determined to be 14 droplets, meaning a LOD of 21 droplets. The LODs of the
assays were set as thresholds of positivity for the corresponding assays in this pipeline.

For calculating the actual LOQ (allowing for precise quantification of the absolute number
of copies present in the sample), 2-fold dilutions series of a positive case were performed
as indicated above. The LOQ was determined to be 18.4 copies/uL for ath-miR-159a and
1.17 copies/pL for hsa-miR-371a-3p (Figure 7).
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Figure 7 — Limit of quantification of ath-miR-159a (A) and hsa-miR-371a-3p (B) assays. The red arrow points
to the number of copies that the assay can still reliably quantify.

A summary of the comparison among the three protocols is provided in Table 2.

Clinical validation of the DigiMir pipeline

There were 19 seminoma and 12 non-seminoma samples. The median age of the TGCT
patient cohort was 33 years, and the one of the male healthy blood donors was 46 years.
Most patients were stage | TGCTs (61.3%). AFP, HCG and LDH were elevated at time of
diagnosis (pre-orchiectomy) in 29%, 38.7% and 45.2% of patients. Elevation of any of the
classical serum tumor markers was found in 64.5% of TGCT patients (Table 1).

Using the DigiMir pipeline, hsa-miR-371a-3p outperformed the classical serum tumor
markers, achieving sensitivity of 93.6%, specificity of 100%, NPV of 96%, PPV of 100% and
accuracy of 97.5% for identifying TGCT patients in the pre-orchiectomy setting. No healthy
blood donors showed detectable hsa-miR-371a-3p above the defined cutoff, and only two
TGCT patients were negative for hsa-miR-371a-3p, corresponding to two seminomas (also
negative for all three classical serum tumor markers). Additionally, the three non-TGCT
testicular masses were negative for hsa-miR-371a-3p, as was the hepatocarcinoma patient
with elevated AFP. Hsa-miR-371a-3p levels were significantly positively correlated with
levels of HCG, LDH and tumor size (r=0.57, p<0.001; r=0.544, p=0.002; and r=0.475,
p=0.007, respectively).

Regarding the follow-up samples of TGCT patients, they were all negative in patients with
no signs of disease after the orchiectomy, with normalization of classical serum tumor
markers and negative imaging scans. Of notice, the single patient with stage Ill and S1
disease after orchiectomy (with persistent HCG elevation) also showed elevation of hsa-
miR-371a-3p 10 days after the orchiectomy. The patient was treated with 4xBEP but
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showed only partial response and is now with disease progression (elevation of AFP, HCG,

and de novo supraclavicular lymphadenopaties). One patient with a seminoma but with

slight AFP elevation pre- and post-orchiectomy (interpreted clinically as a constitutional

elevation of this marker) was decided to put on surveillance; remarkably, the hsa-miR-371a-

3p was negative in the post-orchiectomy follow-up samples of this patient.

Table 2 — Summary of the three different pipelines for comparing hsa-miR-371a-3p

MagMax miRvana extraction, spike in ath-miR-159a, 100uL plasma

time consuming
€€

Variables Thermo Fisher, Thermo Fisher, non- DigiMir, BioRad
Advanced (global) Advanced (targeted) (targeted)
Preamp:
Room for Mandatory (part of Detection of hsa-miR- Accurate detection of
bias / variability the pro);ocol) 371a-3p with preamp; hsa-miR-371a-3p
Extra step — low detection without without preamp with

preamp

4uL cDNA

Volumes of No difference in Cts No difference in Cts

reactions between using 1pL or | between using 1L or
2uL (ath-miR-159a: | 2uL (ath-miR-159a: Cts More sensitivity with
Cts 13.423-14.379 13.940-14.285 and 4uL Duplicates suffice
and 13.453-13.774) 13.873-14.130)
Need for triplicates Need for triplicates

Spike-in Higher variability, I

recovery poorer recovery Lower variability, better Good recovery

recovery (lower Cts)

housekeeping
(miR-30b-5p)

quantification (delta
delta Ct method or
standard curve)

(higher Cts) 0.2uL of 0.2nM
0.2uL of 1nM 0.2uL of 1nM

Normalization Needed Needed

to Relative Not needed

Relative quantification
(delta delta Ct method
or standard curve)

Precise absolute
number of copies/uL

Healthy blood
donor (related
to clinical
specificity)

Hsa-miR-371a-3p:
Undetermined

Hsa-miR-371a-3p:
Sporadic amplification

Hsa-miR-371a-3p:
Negative

Detection of
stage | SE
(related to
clinical
sensitivity)

+- (1/2)

+(2/2)

+(2/2)

Representation
of tumor burden

Yes (stage Il >>>
stage 1)

Yes (stage lll >>>
stage 1)

Yes (stage lll >>>
stage 1)

Variability:
Intra-
operator
Inter-
operator
Inter-
synthesis
Inter-
extractions

Overall poorer

Adequate

Adequate
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NTC inserted
on cDNA
synthesis

Hsa-miR-371a-3p:
Undetermined
ath-miR-159a:

sporadic amplification
(Ct +-33.3)

Hsa-miR-371a-3p:
sporadic late
amplification (Ct 38)
ath-miR-159a: late
amplification (Ct +-
29.5)

Hsa-miR-371a-3p:
Negative
ath-miR-159a:
Negative

NEC inserted
on cDNA
synthesis

Hsa-miR-371a-3p:
Undetermined
ath-miR-159a:
Undetermined

Hsa-miR-371a-3p:
Undetermined
ath-miR-159a: sporadic
amplification (Ct +-
34.0)

Hsa-miR-371a-3p:
Negative (“no cDNA
control”, “no Supermix
control” and “no assay

control* Negative)

NTC inserted

Hsa-miR-371a-3p:

Hsa-miR-371a-3p:

on PCR step Undetermined Undetermined Hsa-miR-371a-3p:

(plate) Hsa-miR-30b-5p: Hsa-miR-30b-5p: Negative
Undetermined Undetermined ath-miR-159a:
ath-miR-159a: ath-miR-159a: Negative
Undetermined Undetermined

Positive control Adequate

(TCam-2) H Ad_equate ) Adequate . Hsa-miR-371a-3p:
sa-miR-371a-3p: Hsa-miR-371a-3p: Cts ootimal dilution for

Cts +-14.5 +-8 P

separation is 1:50

A summary of the several steps undertaken for optimization of the DigiMir pipeline are

illustrated in Figure 8.
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Figure 8 — DigiMir pipeline optimization steps.

Discussion
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In this work we describe a pipeline for quantifying the most remarkable liquid biopsy
biomarker in the field of TGCTs based on ddPCR, being approximately 3 times cheaper
than RT-qPCR-based techniques. In fact, and despite an increase interest on ddPCR for
accurately determining biomarkers in samples with low burden and low input (like in
circulating markers such as microRNAs and cell-free DNA in plasma), few studies have
procured to invest on microRNA detection using this technology #2, perhaps because the
more conventional RT-gPCR-based techniques have been performing well in this task, at
low cost and with more disseminated know-how. DAPCR has emerged as a very robust way
to determine mutation status in circulation #¢, and also as a way to study DNA methylation
patterns in circulating cell-free DNA #°. Studies on microRNAs are very recent, and report
different protocols for achieving distinct needs. Tavano et al reported a protocol for
determining hsa-miR-1290 for diagnosis of pancreatic cancer in plasma using ddPCR ¥,
with this method being superior to routine CA19-9 determination, while Zhao and
collaborators investigated ddPCR for determining a panel of microRNAs diagnostic of
gastric cancer “°. Campomenosi and co-workers compared RT-qPCR with ddPCR for
assessment of several microRNAs in serum of lung cancer patients and demonstrated a
strong positive correlation between the two techniques, with equal or smaller variation in
the ddPCR approach 28. This high concordance between the two methods reported by the
authors led us to seek a similar methodological approach for our study. Indeed, we have
performed back-to-back comparison of three independent pipelines for quantifying hsa-
miR-371a-3p. Two of the protocols were RT-gPCR-based (the TagMan Advanced method,
where a global microRNA synthesis with preamplification is performed, and the TagMan
non-Advanced method, with targeted microRNA synthesis for the desired microRNAs and
preamplification). While both pipelines produced similar results, the TagMan Advanced
methodology (less reported in literature specifically in the field of TGCTs 2%) produced more
variability in recovery of non-human spike-in ath-miR-159a and resulted in lower sensitivity
of detection of low burden stage | cases. We hypothesize this could be explained by the
global preampilification (instead of targeted reaction), interfering with sensitivity of detection
0. For these reasons, the targeted approach for cDNA synthesis was considered more
reliable and was chosen to translate into ddPCR quantification. Nevertheless, both RT-
gPCR protocols detected hsa-miR-371a-3p in a manner consistent with disease burden,
with the stage Ill patient rendering higher levels of hsa-miR-371a-3p.

In this work we attempted to omit the preamplification stage by stepping-up to the ddPCR
methodology. Preamplification may theoretically introduce bias by increased cycling and is
cumbersome and frequently the most expensive section of the experimental protocols, but
is highly adopted in most recent works in the field (as summarized in 3'), only not performed
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in older works °, because of increasing sensitivity of detection of low amounts of circulating
microRNA, such as in stage | small tumors. However, it can also elicit sporadic detection of
trace amounts of hsa-miR-371a-3p in teratoma-only cases or even in healthy subjects,
which are undesirable and create discomfort with reporting the results — also evidenced in
this work. In this study, we have optimized the DigiMir pipeline (after fulfilling ddPCR
technical requirements and precision assessment, such as assuring the greatest separation
of positive and negative droplets, temperature gradient, LOB and LOD calculation, dilution
series, as required and reported 3°4'44) and were able to quantify hsa-miR-371a-3p
absolute copy number in a manner consistent with tumor burden (higher in stage Ill), with
all negative controls and the healthy blood donor being below the threshold of positivity,
hence being considered negative.

We designed experimental settings to illustrate variability in quantification of microRNAs
with the three distinct pipelines, again with the TagMan Advanced RT-qPCR protocol
demonstrating to be poorer, with higher variability in results upon the various repetitions of
the run under different conditions. Shifting to ddPCR, recovery of spike-in was
homogeneous among samples (within the range reported in *°) and variability of detection
of hsa-miR-371a-3p was acceptable, with a strong positive correlation found between the
amounts determined at varied moments (like reported also in 3°). Most importantly, like
Campomenosi %, we too found the quantification results by RT-gPCR (normalized to
housekeeping hsa-miR-30b-5p) and those of ddPCR (with the advantage of obviating
normalization) to be strongly positively correlated.

Then, in an early attempt to provide clinical validation, we have applied the defined DigiMir
pipeline to a set of 107 plasma samples, including those from TGCT patients, non-TGCT
testicular masses, healthy male blood donors and one patient with AFP secretion due to a
hepatocarcinoma. Remarkably, hsa-miR-371a-3p identified all but two TGCT patients
(which were also negative for AFP, HCG and LDH), and correctly discriminated all 47
healthy blood donor male individuals as negative. The resultant specificity of 100% and a
sensitivity of 94% is similar or even superior to the one reported in previous RT-qPCR-
based studies ' (summarized in 24), outperforming the combined sensitivity of the three
classical serum tumor markers (61.5%). Indeed, there were 11 TGCTs negative for all three
classical serum tumor markers available in routine, that were however detected by our
assay, representing an important clinical benefit in diagnosis. Furthermore, as additional
negative controls from a clinical standpoint, the three non-TGCT testicular masses were
negative for hsa-miR-371a-3p, a point in favor of the specificity of our assay. Non-TGCT
masses are not infrequent and constitute an important differential diagnosis of TGCTs, that

can however only be confirmed after orchiectomy is performed 2. Importantly, for small
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benign tumors, partial orchiectomy may be an option, allowing to spare fertility and function
of the testis 3. A large study already reported that such masses are negative for hsa-miR-
371a-3p by RT-gPCR **, and we show the same by ddPCR approach. Additionally, our
assay has proved useful in clarifying elevations of AFP due to other causes rather than
TGCTs, as has been recently reported for RT-gPCR %°. The patient with important elevation
of AFP due to a hepatocarcinoma was negative (with 0 copies) for hsa-miR-371a-3p. Also,
of interest, a seminoma patient showed elevation of AFP pre-operatively, which he
maintained post-orchiectomy and during follow-up. The elevation was interpreted clinically
as constitutional since no further disease could be identified, but caused discomfort in
clinical decisions, especially for the decision to put the patient on surveillance only. In this
setting, our hsa-miR-371a-3p assay would have been useful to the clinic, since it was
positive at pre-orchiectomy (due to the presence of the seminoma), but completely negative
(O copies) after orchiectomy despite the persistence of AFP, confirming that the elevation

was constitutional or derived from other cause.

Finally, we also tested an additional setting of relevance which is the one of follow-up of
these patients 5¢. Follow-up routinely involves repeat measurements of classical serum
tumor markers (which show important limitations in detecting relapses) and continuing
imaging (both costly, with limited sensitivity for very small metastatic deposits and exposing
young patients to radiation if computed tomography is performed 3057:%8), |n this sense, hsa-
miR-371a-3p measurements are attractive for adequate monitoring and for guiding
treatment decisions 4. In our study, all follow-up samples from patients showing disease
resolution and no signs of disease recurrence (negative imaging and classical serum tumor
markers) were negative for hsa-miR-371a-3p, while the follow-up sample of a patient with
stage Ill S1 disease was positive.

The data we present is overall corroborated by the very recent study of Myklebust et al %5,
who also describe a ddPCR pipeline for determining hsa-miR-371a-3p. However, there are
important differences in methodology between the two studies: (1) whereas they used
serum, we tested plasma samples, which may have an impact in microRNAs determination,
namely on the levels of the housekeeping microRNA miR-30b-5p '8; (2) the RNA extraction
kits and methodologies differed; and (3) Myklebust and co-workers did not include a spike-
in (technical control) in their experimental setting, whereas, in our pipeline, spike-in recovery
was demonstrated in all experiments as quality control (ath-miR-159a). Nevertheless, the
main results of both studies completely concur in that ddPCR is a promising new
methodology for reporting hsa-miR-371a-3p, with high sensitivity (89% for the authors and
94% in our study) and specificity (100% in both works) and associating with tumor burden.

Additionally, both investigations report a good correlation and technical performance in
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comparison with RT-qPCR, having the advantage of obviating the preamplification step and
allowing to report absolute copy numbers (without need of a standard curve) in a clinical
setting. In our view, this further supports the relevance of our findings and suggests that the
DigiMir pipeline will be also useful in the follow-up setting. Validation in larger cohorts of
TGCT patients on surveillance, like performed in other studies 33, are warranted and would
definitely contribute to clarify the clinical utility of our assay.

To conclude, in this proof-of-concept investigation we describe a methodology to quantify
the most relevant liquid biopsy biomarker of TGCTs in plasma samples, disclosing
adjustments to the protocol and technologies that can make the quantification less variable
and more precise, achieving an accuracy of 97.5% in a validation cohort of 107 samples.
Further investigations and validation of the protocol are warranted in different clinical
contexts, like follow-up of stage | patients on active surveillance or determination of viable
germ cell malignancy in the post-chemotherapy metastatic context, to better personalize
treatment and monitoring of TGCT patients *°.
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Supplementary Figure 1 — Violin plots of miRNAs levels in Benign tumors (Oncocytomas) with Healthy Donors
(HD) and Renal Cell Carcinomas (RCC) samples of hsa-miR-126-3p (p-value=0.279) and hsa-miR-200b-3p (p-
value=0.280). Abbreviations: HD — Healthy Donors; RCC — Renal Cell Carcinomas; n.s. — not significant.

Supplementary Table 1 — Performance of miRNAs panels as biomarkers for detection of Renal Cell

Carcinomas.

miRNAs

SE % SP %

PPV % NPV % Accuracy %

hsa-miR-21-
5p/hsa-miR-
141-3p
hsa-miR-141-
3p/hsa-miR-
155-5p
hsa-miR-21-
5p/hsa-miR-
141-3p/hsa-
miR-155-5p

72.54 42.71

91.55 41.67

95.07 32.29

65.19 51.25 60.50

69.89 76.92 71.43

67.50 81.58 69.75

Abbreviations: SE — Sensitivity; SP — Specificity; PPV — Positive Predictive Value; NPV — Negative

Predictive Value



lll. DISTRIBUTION OF CIRCULATING MIRNAS LEVELS IN

RENAL CELL TUMORS AND BIOMARKERS
PERFORMANCE

Initially, target miRNAs levels were compared between RCT and healthy donor samples.
Hsa-miR-21-5p and hsa-miR-141-3p had lower levels in RCT (p-value<0.001 and p-
value=0.011, respectively), while hsa-miR-155-5p had higher levels in RCT (p-
value=0.011). Conversely, no significant differences were found for hsa-miR-126-3p and

hsa-miR-200b-3p, (p-value=0.334 and p-value=0.474, respectively) (Supplementary Figure
2).
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Supplementary Figure 2 — Violin plots with all points of miRNAs levels in Healthy Donors (HD) and Renal Cell
Tumors (RCT) samples of hsa-miR-21-5p (A), hsa-miR-126-3p (B), hsa-miR-141-3p (C), hsa-miR-155-5p (D)
and hsa-miR-200b-3p (E). Abbreviations: HD — Healthy Donors; RCT — Renal Cell Tumors; n.s. — not significant.

ROC curves (Supplementary Figure 3) were constructed, and empirical cut-off value was
determined for each miRNA that showed significant differences between RCT and healthy
donor samples.
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Supplementary Figure 3 — Receiver Operating Characteristic Curve of hsa-miR-21-5p (A), hsa-miR-141-3p
(B) and hsa-miR-155-5p (C). Abbreviations: AUC — Area Under the Curve; Cl — Confidence Interval.

The empirical cut-off from ROC curve for each miRNA (Supplementary Figure 3) allowed
for the calculation of performance for each miRNA individually (Supplementary Table 2).
Hsa-miR-21-5p detected RCT with 59.38% sensitivity, 65.38% specificity and 61.34%
accuracy, whereas hsa-miR-141-3p showed higher sensitivity (65.00%), although
presenting 55.13% specificity and similar accuracy. Despite the modest sensitivity, hsa-
miR-155-5p showed 93.59 % specificity for detecting the presence of kidney tumors, with
the highest Positive Predictive Value, 91.80%.

Supplementary Table 2 — Performance of miRNAs as biomarkers for detection of Renal Cell tumors.

miRNAs SE % SP % PPV % NPV % Accuracy %
hsa-miR-21-5p 59.38 65.38 77.87 43.97 61.34
hsa-miR-141-3p 65.00 55.13 74.82 43.43 61.76
hsa-miR-155-5p 35.00 93.59 91.80 41.24 54.20

hsa-miR-21-5p/

hsa-miR-1555p  o>-0C 58.97 80.95  65.71 76.47

Abbreviations: SE-Sensitivity; SP-Specificity PPV — Positive Predictive Value; NPV — Negative
Predictive Value

The combination of multiple circulating miRNAs was tested to improve the biomarker
performance (Supplementary Table 3). The best performance was achieved by the panel
comprising hsa-miR-21-5p and hsa-miR-155-5p which showed an accuracy of 76.47%.
Moreover, this panel detected RCT with 85.00% sensitivity, 58.97% specificity and a high
PPV (Supplementary Table 2).
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Supplementary Table 3 — Performance of miRNAs panels as biomarkers for detection of Renal Cell Tumors

miRNAs SE % SP % PPV % NPV % Accuracy %
hsa-miR-21-

5p/hsa-miR- 70.00 47.44 73.20 43.53 62.61
141-3p

hsa-miR-141-

3p/hsa-miR- 91.88 48.72 78.61 74.51 77.73
155-5p

hsa-miR-21-

5p/hsa-miR-

141-3p/hsa- 94.38 41.03 76.65 78.05 76.89
miR-155-5p

Abbreviations: SE-Sensitivity; SP-Specificity PPV — Positive Predictive Value; NPV — Negative
Predictive Value
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IV. DETECTION OF EARLY STAGES RENAL CELL

CARCINOMAS
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Supplementary Figure 4 — Violin plots (A, B and C) of miRNAs levels without significant differences between
Healthy Donors (HD) and early stages of Renal Cell Carcinomas (Stage | and Il) samples of hsa-miR-126-3p

(p-value=0.931), hsa-miR-141-3p (p-value=0.226) and hsa-miR-200b-3p (p-value=0.896). Abbreviations: HD —
Healthy Donors; n.s. — not significant.
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V. DETECTION OF CLEAR CELL RENAL CELL CARCINOMAS

Supplementary Table 4 — Performance of miRNAs panels as biomarkers for detection of Clear Cell Renal Cell

Carcinoma.

miRNAs

SE %

SP %

PPV %

NPV %

Accuracy %

hsa-miR-126-
3p/hsa-miR-141-
3p
hsa-miR-141-
3p/hsa-miR-155-
5p
hsa-miR-141-
3p/hsa-miR-
200b-3p
hsa-miR-126-
3p/hsa-miR-155-
S5p
hsa-miR-155-
/hsa-miR-200b-
3p
hsa-miR-126-
/hsa-miR-141-
/hsa-miR-155-5p
hsa-miR-126-
3p/hsa-miR-141-
3p/hsa-miR-
200b-3p
hsa-miR-126-
3p/hsa-miR-155-
5p/hsa-miR-
200b-3p
hsa-miR-141-
3p/hsa-miR-155-
5p/hsa-miR-
200b-3p
hsa-miR-126-
3p/hsa-miR-141-
3p/hsa-miR-155-
5p/hsa-miR-
200b-3p

89.32

85.44

83.50

80.58

70.87

89.32

89.32

81.55

86.41

89.32

38.46

41.03

41.03

53.85

61.54

38.46

38.46

53.85

41.03

38.46

79.31

79.28

78.90

82.18

82.95

79.31

79.31

82.35

79.46

79.31

57.69

51.61

48.48

51.22

44.44

57.69

57.69

52.50

53.33

57.69

75.35

73.24

71.83

73.24

68.31

75.35

75.35

73.94

73.94

75.35

Abbreviations: SE-Sensitivity; SP-Specificity PPV — Positive Predictive Value; NPV — Negative

Predictive Value
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VI. COMPARISON BETWEEN EARLY STAGES RCC AND
ADVANCED STAGES RCC

hsa-miR-21-5p hsa-miR-126-3p hsa-miR-155-5p hsa-miR-200b-3p
15009 Sy 3 4000 sy Ja0q sy J254 sy
2 S = 2
(] (7] 7] (7] 204
% .‘a-’_ 3000 .%30— .%
° 1000+ o) o] O 454
L \ Ll i L L
® ; w 2007 @ @0
@ 5904 ﬁ [ A [ o 10
> > > >
2 &1 2 1000+ ﬁ | 2 2
o 14 )18 4 4
E ol e & E LG di E E o
> Q S Q S Q
A & .,,x‘b\ B ,,ot’ r§‘b\ D ,,ob 06\
s S S s
S g\"’q > 6\@ oy (5@9

Supplementary Figure 5 — Violin plots of miRNAs levels without significant differences between Early stages
(I'and 1) and Advanced Stages (Il and IV) Renal Cell Carcinomas samples of hsa-miR-21-5p (p-value=0.361),
hsa-miR-126-3p (p-value=0.162), hsa-miR-155-5p (p-value=0.372) and hsa-miR-200b-3p (p-value=0.108).
Abbreviations: n.s. — not significant.
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