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MikroRNA:t (miRNA:t) ovat molekyyleja, jotka osallistuvat geenien transkription jalkeiseen saatelyyn estamalla
[&hetti-RNA:n toimintaa. Niilld on osoitettu olevan tarkea rooli eturauhassyovan kehittymisessa, etenemisessa
ja metastasoinnissa. Taman tutkimuksen tarkoituksena on etsid yhteyksida eturauhassydpépotilaiden
eturauhasen kudosnaytteistd tehdyn miRNA-ilmentymisprofiilin ja valikoitujen eturauhassy6paan liittyvien
tekijoiden valilla, seka selvittdad naiden miRNA:iden ennustetut kohteena olevat aineenvaihduntareitit.

Eturauhasen kudosnéaytteet saatiin eturauhasen poistoleikkauksen yhteydessa potilailta, jotka
osallistuivat tutkimukseen, jossa selvitettiin ennen operaatiota annettavan atorvastatiini-kuurin vaikutusta
seerumin prostataspesifisen antigeenin pitoisuuteen seka eturauhasen Ki-67-proteiinin ilmentymiseen.
Kudosnaytteiden miRNA-ilmentymisprofiili maaritettiin kayttden OpenArray® miRNA-paneelia. Tutkittujen
tekijodiden kanssa merkitsevasti korreloivien miRNA:iden ennustetuille geenikohteille tehtiin
aineenvaihduntareittien rikastumisanalyysi.

Kahdeksan miRNA:n havaittiin korreloivan merkitsevasti tutkittujen tekijdiden kanssa myoés
monitestauksen vuoksi tehdyn Bonferroni-korjauksen jalkeen. MiR-485-3p korreloi seerumin HDL-
kolesterolitasojen kanssa. MiR-34c-5p korreloi prostataspesifisen antigeenin seerumipitoisuuden muutoksen
kanssa ja miR-138-3p kokonaiskolesterolin muutoksen kanssa atorvastatiinia saaneiden tutkimushenkildiden
joukossa. Plaseboryhmassa seka miR-576-3p, ettd miR-550-3p korreloivat seerumin HDL-kolesterolin
kanssa ja lisaksi miR-627 korreloi seerumin prostataspesifisen antigeenin kanssa. MiR-576-3p:ta lukuun
ottamatta kaikki edella mainitut korrelaatiot pysyivat merkitsevind myos sekoittavilla tekij6illa saadetyssa
regressioanalyysissa. Aineenvaihduntareittien rikastumisanalyyseissa nama kahdeksan miRNA:ta olivat
merkitsevasti yhteydessa useisiin eturauhassyévan kannalta merkittaviin aineenvaihduntareitteihin. Korkea-
annoksinen atorvastatiinihoito ennen eturauhasen poistoleikkausta ei vaikuttanut eturauhaskudoksen
miRNA-ilmentymisprofiiliin.

Tama tutkimus laajentaa tietdmystdmme eturauhasen miRNA:iden ilmentymisesta ja niihin liittyvista
aineenvaihduntareiteistd, jotka voisivat yhdistaa eturauhassyovan riskitekijoita taudin syntyyn. Tasta voi olla
hyotya tulevien eturauhassydvan hoitomenetelmien kehittamisessa.

Avainsanat: MikroRNA, eturauhassyopa, atorvastatiini, riskitekijat

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.



Sisallysluettelo

SIMPIE SUMMATY ... e e e e e e e e e e e e e e e eena s 4
ADSIFACT ... e 4
1. INErOAUCHION ... e e e e e e e e e e 5
2. Materials and Methods ..........cooo oo 6
2. 1. RNA ISOIAtION ... e eaaans 7
2.2. Quantitative MiCrORNA Profiling .............uuuuuumiiiiiiiiiiiiiiieeeees 7
2.3. StatistiCal ANAIYSIS .....cooiii e —— 7
2.4. MIRNA Accession NUMDEIS .......oiiiiiiii e e e eeanans 8
3. RESUILS .. e 8
3.1. Differences in Patient Characteristics between Men in the Placebo and
Atorvastatin Arms of the Study ... 8
3.2. MicroRNAs Associated Significantly with Patient Characteristics and PCa

] (G = T (o 8
3.3. MiRNAs Associations by Study Arm ..., 10
3.4. In Silico Pathway ANalySES...........coiiiiiiiiiieecee et 10
T T oW 111 o] o PSR PPPPPR 12
T 070 ] o o3 [ 151 o] o 3OS UPPPPRR 13
Supplementary MaterialS............coovveiiiiiiiii e 14
AUthOor ContribULIONS .......ccoiii e e 14
T [ T S 14
Institutional Review Board Statement ..............ccccoeiiiiiii 14
Informed Consent Statement ... 14
Data Availability Statement .............cooor e 14
Conflicts Of INTEreSt......ccooee e 14
REFEIENCES ... e 14
Supplementary Table Sq. ... 18
Supplementary Table S2. ... ——— 23



This manuscript has been published in Cancers (Basel), 2021 Jul 15;13(14):3537.
doi: 10.3390/cancers13143537. PMID: 34298752; PMCID: PMC8307951.

Human prostate tissue microRNAs and their predicted
target pathways linked to prostate cancer risk factors

Max Enwald, BM'; Terho Lehtimaki, MD, PhD'; Pashupati P Mishra, PhD’;
Nina Mononen,
PhD'; Teemu J Murtola MD, PhD#%3; Emma Raitoharju, PhD#" *

Department of Clinical Chemistry, Pirkanmaa Hospital District, Fimlab Laboratories, and Finnish
Cardiovascular Research Center, Tampere, Faculty of Medicine and Health Technology,
Tampere University, Tampere, Finland;

Tampere University, Faculty of Medicine and Health Technology, Tampere, Finland;

TAYS Cancer Center, Department of Urology, Tampere, Finland;

Correspondence

Contributed equally

H O* @ N

Simple Summary

Prostate cancer is a major medical issue in men worldwide. In 2018, prostate cancer was the most frequently
diagnosed cancer among men in developed countries. MicroRNAs seem to be important regulators of
prostate cancer, but better understanding of their role in this disease is still needed to develop novel
diagnostic tools and treatments. In this study, we aim to achieve insight on the microRNA profile of prostatic
tissue environment in men with prostate cancer and to correlate this microRNA expression profile with risk
factors of prostate cancer. We also examined the effects of cholesterol-lowering atorvastatin on the prostatic
tissue microRNA profile. Our results provide new evidence from the effects of prostate cancer-related factors
on the expression of prostate tissue microRNAs. Notably, this can reveal new pathways that may link risk
factors to prostate cancer and pinpoint new therapeutic possibilities.

Abstract

MicroRNAs are important in prostate cancer development, progression and metastasis. The aim of this study
was to test microRNA expression profile in prostate tissue obtained from prostate cancer patients for
associations with various prostate cancer related factors and to pinpoint the predicted target pathways for
these microRNAs. Prostate tissue samples were obtained at prostatectomy from patients participating in a
trial evaluating impact of pre-operative atorvastatin on serum prostate specific antigen (PSA) and Ki-67
expression in prostate tissue. Prostate tissue microRNA expression profiles were analyzed using
OpenArray® MicroRNA Panel. Pathway enrichment analyses were conducted for predicted target genes of
microRNAs that correlated significantly with studied factors. Eight microRNAs correlated significantly with
studied factors of patients after Bonferroni multiple testing correction. MiR-485-3p correlated with serum
HDL-cholesterol levels. In atorvastatin-treated subjects, miR-34c-5p correlated with a change in serum PSA
and miR-138-3p with a change in total cholesterol. In the placebo arm, both miR-576-3p and miR-550-3p
correlated with HDL-cholesterol and miR-627 with PSA. In pathway analysis, these eight microRNAs related
significantly to several pathways relevant to prostate cancer. This study brings new evidence from the
expression of prostate tissue microRNAs and related pathways that may link risk factors to prostate cancer
and pinpoint new therapeutic possibilities.

Keywords: microRNA; prostate cancer; atorvastatin; risk factors



1. Introduction

Prostate cancer (PCa) is a major medical issue in men worldwide, and in 2018, there were 1,276,106
estimated new cases in the world. In developed countries, PCa was the most frequently diagnosed cancer
among men [1]. PCa is a very heterogeneous malignancy. The 5-year survival rate for localized PCa is
>99%, but for patients with metastatic PCa, it is only 30% [2]. A better understanding of the underlying
mechanisms of PCa is needed in order to develop novel diagnostic tools and treatments.

MicroRNAs (miRNA, miR) are short, non-coding RNA-molecules that regulate gene expression. They
mainly function through partially or completely inhibiting the translation of target mRNAs. MicroRNAs affect
many cellular processes, including cell proliferation, differentiation and apoptosis, and therefore, play a key
role in many syndromes and diseases including cancers [3]. MicroRNA expression profiles vary between
tissues and pathological states and miRNAs could potentially serve as biomarkers in PCa [4]. They are
generally stable and can be extracted from many kinds of biological samples. Examples of potential
diagnostic biomarkers in PCa include miR-125b, miR221/222 and Let-7b. In addition to diagnostic
biomarkers, miRNAs could also be used to assess prognosis or response to therapy [4]. MicroRNAs are also
interesting targets for medical therapies, as modifying their expression levels allows for the modulation of
cellular signaling pathways and networks [5].

MicroRNAs have a significant role in PCa pathogenesis, and many oncogenic and tumor-suppressive
miRNAs have been identified so far [3]. They affect a variety of processes involved in cell proliferation,
apoptosis, androgen receptor signaling, metastasis and epithelial mesenchymal transition (EMT) [6]. Some
of the most established oncomiRs (miRNAs that promote tumor progression) in PCa include miR-1, miR-
17/92a cluster, miR-21, miR-106b, miR-125b, miR-155, and miR-222/221 cluster [3,7]. There are also
numerous tumor suppressive miRNAs in PCa, the most important ones including let-7 paralogs, miR-15a/16-
1 cluster, miR-23b, miR-34 paralogs, miR-101, miR-126, miR-145, miR-146a, miR-200 family and miR-205
[3,7]. However, it has to be noted that these miRNAs’ expression profiles have been studied mostly in
experimental models, which does not necessarily correlate with the expression profiles in human prostate
tissue [7].

Known risk factors for PCa include age, ethnicity and family history. Other suggested risk factors
include a high birth weight and adult height, a history of sexually transmitted infections, high plasma
testosterone levels, insulin-like growth factors, obesity, hypercholesterolemia, alcohol consumption, smoking,
pesticide exposure and dietary components including high calcium intake, saturated animal fat, red meat and
dairy products [8,9,10]. However, evidence for these is somewhat limited and inconsistent. Protective factors
most suggested by previous research include dietary components including selenium, soy, lycopene, green
tea, vitamin D and E, physical activity and diabetes mellitus [8,9]. However, diabetes is controversial, as it
seems to lower the risk of developing PCa, but also increases the mortality of PCa patients [11]. Drug groups
that could possibly be used as chemopreventive agents for PCa include 5a-reductase inhibitors, statins, non-
steroidal anti-inflammatory drugs (NSAIDs), especially aspirin and alpha-1-adrenoreceptor antagonists
[12,13,14,15,16]. The use of metformin for preventative purposes is controversial [17,18].

MicroRNAs have been associated with many of these PCa-related risk factors, including insulin
secretion and insulin resistance, glucose and lipids in blood, prediabetes, obesity and type 2 diabetes
[19,20]. The dysregulation of lipid metabolism, which can be mediated by changes in miRNA expression, has
been shown to affect PCa progression [21,22]. Lipoproteins also carry miRNAs between different tissues
over circulation [23]. In addition, miRNAs have a role in androgen receptor signaling in PCa cells, thereby
possibly modifying the effect of plasma androgens on these cells [24,25].

Most studies have focused on comparing the miRNA levels between PCa and normal prostate tissue
and performed pathway analyses to find out the functions of the most differentially expressed miRNAs.
Relating the expressed miRNA levels in prostate tissue to patients’ PCa-related characteristics in
combination with the pathway analyses gives us new complementary information about the roles of the
miRNAs in prostate tissue and in PCa development and can reveal new candidate miRNAs and related
pathways mediating the effect of risk factors on PCa development. By analyzing the miRNA expression
levels of macroscopically normal prostate tissue, rather than the tumor, we can evaluate the effect of PCa
risk factors on tissue where the cellular pathways are not disrupted by the tumor and the tissue has not yet
escaped the regulation of bodily signals.

The primary objective of this study is to explore the role of miRNomics in the prostatic tissue
environment in men with prostate cancer and to correlate this miRNA expression profile with PCa-related risk
factors. As a secondary objective, we studied the effects of a randomized intervention with cholesterol-
lowering atorvastatin on the prostatic tissue miRNA profile. We found correlations between eight miRNAs
and various PCa-related characteristics and risk factors. The treatment with high dose atorvastatin showed
no direct effects on the miRNA expression in the prostate.



2. Materials and Methods

The study population comprised individuals taking part in a double-blind, placebo-controlled
randomized preoperative clinical trial in which the effect of atorvastatin use in PCa patients (aged 43-75
years) scheduled for radical prostatectomy was studied [26]. The inclusion criteria were (1) histologically
confirmed, previously untreated adenocarcinoma of the prostate, (2) radical prostatectomy as the first-line
treatment and (3) signing of informed consent. The exclusion criteria were previous oncological treatments,
previous usage of any statin, finasteride, or dutasteride within a year, liver or kidney insufficiency, previous
adverse effects from cholesterol-lowering drugs and ongoing use of drugs interacting with statins [26]. In
total, 158 patients were randomized to use either a daily dose of 80 mg of atorvastatin or a placebo drug for
three to four weeks (median time 27 days) prior to the prostatectomy. Blood samples were taken at baseline
before starting the medication and again within a week before the surgery. From the blood samples, high
density lipoprotein (HDL-C) cholesterol, low density lipoprotein (LDL-C) cholesterol, total cholesterol,
triglycerides, creatine kinase (CK), creatinine, alanine aminotransferase (ALAT), testosterone and PSA levels
were measured using routine laboratory methods in accredited hospital testing laboratory, Fimlab
Laboratories (FINAS, Finnish Accreditation Service no. T043 according to standard SFS-EN
ISO15189:2013). During the recruiting process, participants were interviewed about their age, height,
ongoing medications, medical history and smoking habits. The weight of the participants was measured at
recruitment and body mass index (BMI) was calculated as weight (kg)/(height (m))=

After prostatectomy, the tumor tissues were evaluated histologically by a study pathologist for cell
proliferation activity (Ki-67 index), primary PCa histological grade and the amount of inflammatory cells. All
tumors were evaluated and graded according to the International Society of Urological Pathology 2005
consensus guidelines [27]. Histologically high-grade cancer is defined as a Gleason score being equal or
higher than 4 + 3 or the tertiary grade having a score of 5. Histologically low-grade cancer is defined as a
Gleason score being equal or lower than 3 + 4. Intraprostatic inflammation was also evaluated according to
international consensus criteria [28].

Of the 158 subjects, 64 were selected for the miRNA profiling. Subjects were selected in order to form
four groups of 16 subjects in each of the following: histologically high-grade PCa patients receiving
atorvastatin, low-grade PCa patients receiving atorvastatin, high-grade PCa patients receiving a placebo and
low-grade PCa patients receiving a placebo. Groups were matched by age, BMI and smoking habits. One
subject was disqualified from the study because of a failed miRNA-expression analysis, resulting in a total
number of 63 study subjects (aged 49-75). The characteristics of the population with successful miRNA
profiling are described in Table 1.

Table 1. Characteristics of the study subjects. Continuous variables are presented as mean values with
standard deviations in the parentheses. Mann—-Whitney U-test was used for continuous variables and x? test
for categorical variables to calculate differences between atorvastatin and placebo arms of the study.
Statistically significant differences (p-values < 0.05) between study arms are bolded.

Variables (units) Total Atorvastatin Placebo P-values for difference
Number of subjects (n) 63 (100%) 32 (51%) 31 (49%) -

Age (years) 65.3 (5.7) 65.6 (5.6) 65.0 (5.8) 0.709
Height (cm) 179.8 (5.2) 179.3 (5.5) 180.4 (4.8) 0.397
Weight (kg) 86.7 (14.5) 86.9 (14.9) 86.6 (14.4) 0.869

Body mass index (kg/m?) 26.8 (4.0) 27.0 (4.1) 26.6 (4.0) 0.690
Smokers (n) 8 (100%) 5 (63%) 3 (37%) 0.372

High grade cancer (n) 31 (100%) 16 (52%) 15 (48%) 0.549

Low grade cancer (n) 32 (100%) 16 (50%) 16 (50%) 0.549
Inflammation score 9.4 (2.9) 9.2 (2.9) 9.6 (3.0) 0.668

Ki-67 (%) 29(2.1) 3.0 (2.0) 2.8(2.2) 0.692
Cholesterol' (mmol/l) 5.3 (0.9) 5.3 (0.8) 5.4 (1.0) 0.851
Cholesterol? (mmol/l) 4.2(1.3) 3.2(0.8) 5.3 (0.8) 4.934x10°
ACholesterol (mmol/l) -1.1(1.2) -2.1(0.8) -0.1 (0.6) 1.6142x10°
HDL-C' (mmol/l) 1.5(0.4) 1.5(0.4) 1.6 (0.4) 0.423
HDL-C2 (mmol/l) 1.4 (0.4) 1.4 (0.3) 1.5(0.5) 0.275



AHDL-C (mmol/l) -0.07 (0.2) -0.1 (0.2) -0.001 (0.2) 0.014
LDL-C' (mmol/l) 3.6 (0.9) 3.5(0.7) 3.6 (1.0) 0.971
LDL-C? (mmol/l) 2.6 (1.2) 1.6 (0.7) 3.5(0.7) 9.2012x10-1°
ALDL-C (mmol/l) -1.0 (1.1) -1.9 (7.5) -0.04 (0.5) 1.2379x10°°
Triglycerides' (mmol/l) 1.2 (0.6) 1.2(0.7) 1.2(0.5) 0.333
Triglycerides? (mmol/l) 1.0 (0.6) 1.0 (0.7) 1.1 (0.4) 0.005
ATriglycerides (mmol/l) -0.2 (0.4) -0.3 (0.4) -0.1 (0.4) 0.007
PSA' (ug/l) 8.6 (4.5) 9.1 (4.6) 8.0 (4.4) 0.383
PSAZ (ug/l) 8.2 (4.4) 8.7 (4.3) 7.7 (4.6) 0.315
APSA (ug/l) -0.4 (1.5) -0.4 (1.1) -0.3 (0.7) 0.395
Testosterone' (nmol/l) 16.4 (5.3) 15.7 (4.3) 17.0 (6.0) 0.901
Testosterone? (nmol/l) 16.4 (5.3) 15.2 (3.4) 17.3 (6.3) 0.643
ATestosterone (nmol/l) 0.2 (4.7) -1.3 (4.3) 1.1 (4.9) 0.618
CK' (1U/1) 127.8 (69.2) 123.3(76.2) 132.8(61.6) 0.348
CKz (1UN) 156.2 (111.8) 167.8 (102.0) 144.6 (121.5) 0.126
ACK (1U/) 32.0 (95.7) 42.2 (64.4) 21.1(121.0)  0.031

Abbreviations: CK = blood creatine kinase; cholesterol = serum total cholesterol; HDL-C = serum high
density lipoprotein cholesterol; LDL-C = serum low density lipoprotein cholesterol; PSA = serum prostate
specific antigen. Superscripts: 1 refers to the first baseline measurement and 2 to the second measurement

of follow-up. Delta (A) refers to the change in laboratory value during follow up.

2.1. RNA Isolation

Prostate tissue (on average 50 mg) was taken during prostatectomy operation from the
macroscopically non-cancerous part of the prostate. The fresh tissue samples were immediately soaked in
RNALater solution (AMBION: RNAlater stabilization solution) and isolated with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and the miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) containing DNase treatment.
The quality as well as concentration of the RNA was evaluated spectrophotometrically (NanoDrop 1000D,

Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Quantitative microRNA Profiling

MicroRNA expression profiling was performed following standard procedures with the quantitative real-time
PCR TagMan® OpenArray® MicroRNA Panel (Applied Biosystems, Waltham, MA, USA) containing 758
miRNAs. The array content is derived from miRBase v14, providing close to full coverage of Sanger well-
studied miRNAs. Briefly, 100 ng of RNA was used to run both A and B pools of Megaplex (Applied
Biosystems) preamplification for synthesized cDNA. In the OpenArray Sample Loading Plate, 22.5 pL of
each preamplified pool was mixed 1:1 with TagMan OpenArray Real-Time PCR Master Mix. MicroRNA
panels were loaded using the AccuFill System and run with the QuantStudio 12K Flex (Applied Biosystems).
Primary quality control was performed with Expression Suite Software version 1.0.1. Assays with an
Amplification score > 1 and Cq Confidence > 0.7 were accepted. The miRNA data were normalized with the
global mean normalization approach in R language [29]. The approach involves the calculation of the
normalization factor as the global mean of all expressed miRNAs per sample. MiRNAs that were expressed
in more than 50% of the subjects were included for the study, resulting in 453 miRNAs.

2.3. Statistical Analysis

To study associations between miRNA levels and patient characteristics, miRNA ACt levels were correlated
with the continuous variables (age, height, weight, inflammation score, Ki-67 index, total cholesterol, LDL-C,
HDL-C, triglycerides, PSA, testosterone, CK, creatinine and ALAT) using the Spearman’s rank-order
correlation. Comparisons between categorical variables were performed using the Mann—Whitney U test for
variables with two categories and the Kruskall-Wallis H test for variables with more than two categories.
Associations were deemed significant when the Bonferroni-corrected p-value (pc = p-value times the
number of miRNAs, 453) was less than 0.05 (original p-value < 1.10 x 10~4). Correlations with less than 10



subjects were discarded. For miRNAs with significant results, fold change (FC) for the miRNA was calculated
with the 2-22Ct-method, using the median of delta CT values in the placebo arm as a reference value for each
miRNA. All results are presented as the associations of miRNA FCs. MicroRNAs with significant correlations
and the variables they correlated with were evaluated with the Mann—Whitney U test to see if their values
differed between the statin and placebo arms. MicroRNA differences between histologically high-grade and
low-grade cancer subjects were also evaluated.

To account for confounding factors, a linear regression model was created for each significant miRNA.
The models were adjusted with age, BMI, smoking habits, the histological grade of the tumor, the arm of the
study and the variable the miRNA showed correlation with. In the regression models, nominal p-value < 0.05
was considered significant. Stratified analyses were performed for atorvastatin and placebo arms separately
and for the whole study population. Study arm as an explanatory variable was removed from these
regression models since the correlations were only observed in one arm. As PSA decreased among all high-
grade cases receiving atorvastatin, we used the Mann—Whitney U-test to see if the same held true also in
this subpopulation [26].

The gene targets of the miRNAs were predicted using MirGator v.3.0 [30]. Genes that were predicted
with at least two target prediction programs were selected to a pathway enrichment analysis, which was
conducted with DAVID Bioinformatics Resources 6.8 [31,32]. The Homo sapiens genome was selected as
background and Kyoto Encyclopedia of Genes and Genomes (KEGG) as the functional annotation database.
Statistical analyses of the miRNA expression data were performed with SPSS version 25 (IBM Corp.
Armonk, NY, USA).

2.4. MiRNA Accession Numbers

The accession numbers for the miRNAs that are mentioned are the following: MI0000093 for miR-92a-
1-5p, MIMAT0000431 for miR-140-5p, M10002469 for miR-485-3p, MI0000743 for miR-34c-5p, MI0000455
for miR-138-5p, MI0003641 for miR-627, MI0003583 for miR-576-3p, MIMAT0003257 for miR-550a-3p and
MIO000089 for miR-31-5p.

3. Results

3.1. Differences in Patient Characteristics between Men in the Placebo and Atorvastatin Arms of the Study

Subjects’ characteristics between the atorvastatin and placebo arms were equally distributed (Table 1).
After the intervention, statistically significant differences were found in concentrations of total cholesterol,
LDL-C and triglycerides between placebo and atorvastatin arms. The change in CK, total cholesterol, HDL-C,
LDL-C and triglycerides also differed significantly between the study arms (Table 1). The change in PSA
levels differed significantly between the statin and the placebo arm in histologically high-grade PCa subjects
(Mann—-Whitney U-test 55.0, p-value 0.028, n = 29). None of the studied 453 miRNAs differed significantly
(Bonferroni-corrected p-value (pc) < 0.05) between histologically high-grade and low-grade PCa subjects or
between the statin and placebo arms after Bonferroni correction of multiple testing.

3.2. MicroRNAs Associated Significantly with Patient Characteristics and PCa Risk Factors

The prostatic expression levels of three miRNAs had significant positive correlations with patient
characteristics when examining the entire study population. MiR-485-3p correlated with serum HDL-C at the
first measurement (pc = 0.038) and miR-92a-1-5p with height (pc = 0.011) (Table 2). In addition, miR-140-5p
correlated with blood CK at the second measurement (pc = 0.020). All associations also remained significant
in linear regression models adjusted with age, BMI, smoking, grade of the tumor and the study arm (Table
3).

Table 2. Significant correlations found in the entire study population and in subgroup analyses. Correlation
coefficients were calculated between the miRNAs and the characteristic presented under it in italics, using
the Spearman’s rank-order correlation. n is the number of subjects included in each analysis.

MicroRNA expressed in  Correlation Nominal p-value Bonferroni-corrected p- N

prostate coefficient value

Arm/Correlating variable

Entire population




miR-92a-1-5p 0.54 2.4*10°% 0.011 54
Height (cm)

miR-140-5p 0.51 4.4*10°% 0.020 58
Creatine kinase (second

measurement)

miR-485-3p 0.52 8.4*10° 0.038 51
HDL-C (first

measurement)

Atorvastatin arm

miR-34c-5p -0.68 4.9*10° 0.022 29
Change in PSA

miR-138-5p 0.67 6.6*10° 0.030 29
Change in total

cholesterol

Placebo arm

miR-627 0.74 5.7*10°% 0.026 23
PSA (second

measurement)

miR-576-3p HDL-C 0.68 6.2*10° 0.028 28
(second measurement)

miR-550a-3p HDL-C 0.89 9.2*10% 0.042 12
(second measurement)

miR-92a-1-5p 0.69 9.4*10% 0.043 26
Height (cm)

Table 3. Statistics from the regression models of the miRNAs with significant correlations. The models
included corresponding miRNA as the dependent variable and age, BMI, smoking habits, Gleason grade of
the tumor and the arm of the study as explanatory variables. In stratified analyses, the study arm was not an
explanatory variable. B is the unstandardized regression coefficient and beta is the standardized coefficient
for the variable of interest. 95% Cl is the confidence interval for the B-value.

MicroRNA B Standard Beta t-score  p-value 95% ClI
Correlating variable error for B

Entire population

MiR-92a-1-5p 0.043 0.010 0.490 4.321 8.00*10°  0.023-0.062
Height (cm)

MiR-140-5p 0.001 3.30*10 0.351 2.870 0.006 2.84*10-4-0.002
Creatine kinase (second

measurement)

MiR-485-3p 0.834 0.241 0.484  3.461 0.001 0.348-1.319

HDL-C (first measurement)

Atorvastatin arm

MiR-34c-5p -0.359 0.154 -0.446 -2.334 0.029 -0.678- -0.041
Change in PSA
MiR-138-5p 1.568  0.501 0.593 3.131 0.005 0.532-2.604

Change in total cholesterol

Placebo arm

miR-627 0.182  0.040 0.770  4.598 2.56*10+  0.098-0.265
PSA (second measurement)

miR-576-3p 0.443 0.221 0.357  1.999 0.058 -0.017-0.902
HDL-C (second measurement)

MiR-550a-3p 0.555 0.084 0.483 6.579 0.001 0.348-0.761
HDL-C (second measurement)

MiR-92a-1-5p 0.049 0.011 0.596 4.310 0.000 0.025-0.073
Height




Age, weight, BMI, smoking, tumor Ki-67 index or intraprostatic inflammation did not correlate
significantly with any miRNAs after Bonferroni correction. No subjects had type 1 diabetes and only four had
type 2 diabetes, and therefore, no analyses could be conducted by diabetes mellitus.

3.3. MiRNAs Associations by Study Arm

When examining the statin and placebo arms separately, six miRNAs showed significant correlations
with tumor and patient phenotype. In the atorvastatin arm, miR-34c-5p correlated negatively with change in
serum PSA during the intervention, whereas miR-138-5p correlated positively with change in total serum
cholesterol. In the placebo arm, miR-627 correlated with serum PSA at the second measurement, miR-576-
3p and miR-550a-3p with serum HDL-C at the second measurement and miR-92a-1-5p with height as in the
whole population (Table 2). Five of the six associations remained significant (nominal p < 0.05) also in
multivariable-adjusted linear regression models. Association between MiR-576-3p and HDL-C in the placebo
arm had p-value of 0.058 in the adjusted regression analysis (Table 3).

In addition, prostate tissue miR-31-5p correlated significantly (r = 0.98, pc = 0.015) with serum
testosterone concentration (in the second follow-up measurement) in the statin-receiving arm. However, this
miRNA result was not included in the further pathway analyses due to a low number of statin-receiving
subjects having both the particular miRNA and testosterone successfully measured (n = 8).

All correlations for the factors that had significant correlations with miRNAs (presented in Table 2), with non-
corrected p-values less than 0.05 are presented in Table S1.

3.4. In Silico Pathway Analyses

The prostate miRNAs that showed statistically significant correlations (presented in Table 2) were
selected for pathway analyses. All the target genes for miR-550a-3p were predicted by only one prediction
program, and therefore, were excluded from the final pathway analysis due to lack of confidence. The
amount of target genes predicted by at least two prediction programs ranged from 14 for miR-92a-1-5p to
2311 for miR-34c-5p. Pathway analysis of the 14 genes predicted for miR-92a-1-5p did not yield any
statistically significant results. The largest number of significant pathways (n = 31) were associated with miR-
34c-5p. All pathways significantly enriched by the targets of miRNAs of interest are presented
in Supplementary Table $2. A maximum of 10 of the most significantly enriched pathways for each miRNA,
with nominal p-value < 0.05, are shown in Table 4.

Table 4. Pathway analyses of the miRNAs with significant results. Analysis was conducted with the genes
predicted by at least two target prediction programs. A maximum of ten of the most significantly enriched
pathways for each studied miRNA, with nominal p-value < 0.05 are shown. MiR-550a-3p was excluded from
the analysis, since it had no gene targets predicted by at least two prediction programs.

Pathways for significant miRNAs Target genes P-value Total % of total
enriched in pathway genes in genes in
pathway pathway

miR-92a-1-5p
No significant results

miR-140-5p

p53 signaling pathway 14 0.008 67 20.9
Glycosphingolipid biosynthesis - 6 0.009 15 40.0
ganglio series

Insulin resistance 19 0.010 108 17.6
Adipocytokine signaling pathway 14 0.011 70 20.0
Hippo signaling pathway 24 0.011 151 15.9
Tuberculosis 27 0.012 177 15.3
Pathways in cancer 50 0.017 393 12.7
Insulin secretion 15 0.023 85 17.6
PI3K-Akt signaling pathway 44 0.025 345 12.8
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Dopaminergic synapse

miR-485-3p

MAPK signaling pathway
VEGEF signaling pathway
Renin secretion
Proteoglycans in cancer
Non-small cell lung cancer
Whnt signaling pathway

miR-34c-5p

Thyroid hormone signaling pathway
Rap1 signaling pathway

Chronic myeloid leukemia

Calcium signaling pathway

Gap junction

Prostate cancer

Adrenergic signaling in
cardiomyocytes
cGMP-PKG signaling pathway

Axon guidance
Endocytosis

miR-138-5p

Insulin secretion

cAMP signaling pathway

Wnt signaling pathway

Thyroid hormone signaling pathway
Acute myeloid leukemia

Pathways in cancer

Adrenergic signaling in
cardiomyocytes

Endocrine and other factor-regulated

calcium reabsorption
Salivary secretion

Axon guidance

miR-627

Regulation of autophagy
PI3K-Akt signaling pathway
RIG-I-like receptor signaling pathway

Herpes simplex infection
Cytokine-cytokine receptor
interaction

Cytosolic DNA-sensing pathway

Autoimmune thyroid disease
Natural killer cell mediated
cytotoxicity

Hepatitis B

20

28
40
18
34
20
20
29

32
26
45

26
38
29
25
15
60
27

12

18
23

25
10
16

11
12

0.026

0.006
0.020
0.026
0.039
0.041
0.050

3.00%104
0.003
0.004
0.007
0.007
0.007
0.007

0.007
0.007
0.008

5.56*10°7
1.59*104
2.43*10*
3.75*104
0.001
0.001
0.003

0.004

0.005
0.008

1.13*10°
4.42*10°
1.56*10
2.25%10

3.00%104
4.41*104
6.39*10+

0.003
0.003

128

255
61
64
200
56
138

114
210
72
179
88
88
146

166
127
258

85

198
138
114
56

393
146

45

86
127

39
345
70
183

230
64
52

122
145

15.6

17.6
8.6
13.1
12.5
8.0
12.5

246
19.0
25.0
19.0
22.8
22.8
19.9

19.2
20.5
17.4

30.6
19.1
21.0
21.9
26.8
15.3
18.5

26.7

20.9
18.1

23.1
7.2
14.3
8.7

7.8
141
15.4

9.0
8.3
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Toll-like receptor signaling pathway 10 0.003 106 9.4

miR-576-3p

Thyroid hormone signaling pathway 13 6.02*104 114 114
Whnt signaling pathway 14 0.001 138 101
Signaling pathways regulating 12 0.010 140 8.6
pluripotency of stem cells

AMPK signaling pathway 11 0.010 122 9.0
Thyroid hormone synthesis 8 0.011 70 11.4
TNF signaling pathway 10 0.012 106 9.4
Neurotrophin signaling pathway 10 0.024 120 8.3
Sphingolipid signaling pathway 10 0.024 120 8.3
Peroxisome 8 0.026 83 9.6
Adrenergic signaling in 11 0.032 146 7.5

cardiomyocytes

Pathways in cancer associated with four significant miRNAs (miR-140, miR-34c, miR-138 and miR-
627). Adrenergic signaling in cardiomyocytes also associated with four different miRNAs. Pathways that
associated with three different significant miRNAs were the thyroid hormone signaling pathway, thyroid
hormone synthesis, the MAPK signaling pathway, Wnt-signaling pathway, Rap1 signaling pathway, and
cAMP signaling pathway. Interestingly, the MAPK signaling pathway and proteoglycans in cancer were
associated with miR-485-3p, and both the RAP1 signaling pathway and prostate cancer pathway could be
seen associated with miR-34c.

4. Discussion

Our main findings suggest that prostatic tissue miRNAs are affected by PCa-related patient
characteristics, such as serum cholesterol. These miRNAs do not change by randomized, short-term high-
dose intervention with atorvastatin; therefore, the effects of atorvastatin in the prostate may not be directly
mediated by these miRNAs. The observed miRNA associations may be due to long-term exposure to
environmental risk factors. We have also been able to provide support for some previously known functions
of the miRNAs, as well as suggest a few novel mechanisms of function.

The pathway analysis revealed that multiple PCa-relevant pathways were enriched by the gene targets
of the miRNAs with significant correlations. The MAPK signaling pathway is known to regulate many key
processes in cells, including proliferation and differentiation. In PCa, it has been shown to affect the
epithelial-mesenchymal transition during PCa progression [33]. The dysregulation of RAP1-signaling
pathway is linked to tumor cell migration and invasion in many cancers, including PCa [34]. In addition, the
vascular endothelial growth factor (VEGF) signaling pathway was targeted by miR-485-3p in our study.
VEGF induces angiogenesis, which is crucial for PCa progression. VEGF expression also seems to correlate
with the PCa aggressiveness [35].

MiR-485-3p correlated with the subjects’ baseline HDL-C level, suggesting that miR-485-3p might be
more expressed in the prostate of PCa patients with higher HDL-C. One previous study showed that miR-
485-3p was downregulated in PCa tissue and more so in metastatic PCa tissue when compared to normal
prostate tissue, and that the miRNA had anti-tumorigenic effects on PCa cell lines [36]. This, along with the
pathway analysis that connected the miRNA to the MAPK and VEGF signaling pathways as well as
proteoglycans in cancer, suggests that miR-485-3p is a tumor suppressor in PCa. Much research has been
carried out to identify HDL-cholesterol’s role in the development and progression of PCa, and the latest
evidence suggests that high HDL-cholesterol levels could be a risk factor for PCa [10,37]. Our finding seems
to be conflicting to these previous studies. It might be that the overall effect of high HDL-cholesterol levels is
tumorigenic, but it also exerts tumor-suppressive functions, perhaps through miR-485-3p.

MiR-34c-5p was found to correlate negatively with the amount of change in blood PSA in the
atorvastatin-receiving arm of the study. In other words, statin-receiving subjects that experienced a greater
decline in PSA during the trial, had higher levels of miR-34c-5p. Atorvastatin has been previously shown to
lower PSA-levels in PCa patients [38]. In our data, the change in PSA levels differed between the statin and
the placebo arm only when examining subjects with high-grade cancer. Concordantly to our findings, miR-
34c expression in Pca tissue has been reported to correlate inversely with blood PSA [39]. MiR-34c is a well-
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established tumor suppressor in Pca [39,40]. This is also supported by the pathway analysis, as it links the
miRNA to the RAP1-signaling pathway and PCa. It seems that prostatic miR-34c is associated with a better
PSA-lowering effect of atorvastatin use.

MiR-138-5p was found to correlate with the change in total cholesterol in the atorvastatin arm. The
decline in total cholesterol was significantly greater in the statin arm compared to the placebo arm. Since a
prostate tissue miRNA is unlikely to modify atorvastatin’s effect on cholesterol synthesis mainly occurring in
the liver, a more probable reason for the correlation might be that the decline in cholesterol caused a decline
in the miRNA also. According to previous studies, this miRNA seems to be a tumor suppressor in PCa [41].
Since cholesterol is likely important in the development of PCa, miR-138-5p may be involved in the local
effect of cholesterol in the prostate [42].

We also found a positive correlation between mir-92a-1-5p and height of the patients. This connection
is in line with previous studies, since height appears to be a risk factor for high-grade PCa, and miR-92a-1
has been shown to be upregulated in many cancer types, including PCa [43,44,45]. However, this has been
challenged by some studies [46,47]. MiR-92a has been previously linked to skeletal development in mice
and childhood obesity, suggesting that miR-92a might have a role in growth, although the mechanism behind
this is unclear [48,49]. Therefore, it might be possible that in taller men, the overall expression of miR-92a-1-
5p is greater, because of its involvement in growth-related processes, and therefore, it could also be more
abundant in the prostate. Our results suggest that miR-92a-1-5p could be a part of a pathway connecting
height into PCa development.

Although CK is not a known or even a suggested risk factor to PCa, an interesting association between
CK and miR-140-5p was observed. MiR-140-5p was found to correlate with the amount of CK in blood at the
second measurement. Change in blood CK level differed significantly between the statin and placebo arms.
One of atorvastatin’s most common adverse effects is myopathy, which usually first manifests as a rise in
blood CK concentration [50,51]. It seems possible that miR-140 might affect the risk of statin-induced
myopathy through involvement in muscle metabolism, although confirming this would require further studies.

The high-dose atorvastatin (80 mg) treatment had no direct effects on the miRNA expression in
prostatic tissues; thus, the protective effects of atorvastatin are probably not mediated directly by these
studied miRNAs. However, the effect of statin treatment on the lipid profile seems to affect the expression of
certain miRNAs in the prostate. Therefore, the anticancer effects of atorvastatin might be at least partly
mediated indirectly through the change in lipids, affecting PCa-related miRNAs.

Our study has some limitations. The study population size was relatively small (n = 63); thus, statistical
power was low especially in stratified analysis. All men participating in the study were Caucasian; thus,
generalizability of the results to other ethnicities is uncertain. The study was conducted as a post hoc
analysis, which exposes it to chance findings. The highly strict Bonferroni correction was used to reduce type
| error, although it might have led to increase in type Il error, with some clear biological miRNA associations
being statistically non-significant. Validation in an independent cohort would also have strengthened our
results. The miRNA expression analyses were conducted on prostate tissues from macroscopically normal
tissue areas, rather than confirmed prostate cancer areas. This limits the comparability of our results to
previous studies mostly studying miRNAs from prostate cancer tissue, but also gives us the unique
possibility to estimate associations of PCa risk factors and patient characteristics on the miRNA levels in a
prostatic microenvironment. Most of the gene targets of the miRNAs were so far invalidated in model
organisms; thus, their relevance remains to be tested in further studies.

We had quite comprehensive background information of the study patients. The laboratory tests were
conducted both before and after the atorvastatin/placebo treatment, allowing for the analysis of changes due
to the intervention. By comparing the miRNA levels to patients’ characteristics and running pathway analyses
on them, we could evaluate the miRNAs’ function in prostatic tissue more reliably than by pathway analysis
only. In addition, we performed unbiased miRNA profiling and utilized rigid correction for multiple testing;
thus, our results are not affected by preselection of miRNAs.

5. Conclusions

In conclusion, we found correlations between eight miRNAs and various PCa-related characteristics
and risk factors. Three of these correlations were found in the entire study population, whereas the other five
miRNAs only correlated significantly in the stratified analyses of the atorvastatin or placebo arms. All but one
of the associations remained nominally significant in regression models adjusted with various confounding
factors. We also concluded that the treatment with high-dose atorvastatin showed no direct effects on the
miRNA expression in the prostate. These results altogether give new evidence from the effects of PCa-
related factors on the expression of prostate tissue microRNAs. Notably, this can reveal new pathways that
may link risk factors to PCa and pinpoint new therapeutic possibilities.
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Supplementary Table S1.

All correlations for the factors that had significant correlations with miRNAs with non-corrected p-values less

than 0.05.

Analysis of height in the whole study group

miRNA Correlation coefficient p-value N

miR-92a-1 ,541 ,000 54
miR-720 ,409 ,001 61
miR-888 -,408 ,002 56
miR-664 ,386 ,002 61
miR-377 ,403 ,005 48
miR-1275 ,357 ,005 61
miR-891a -,356 ,005 61
miR-22 -,348 ,006 61
miR-129-3p -,354 ,006 58
miR-874 -,360 ,007 55
miR-1269 ,403 ,007 43
miR-769-5p ,338 ,008 61
miR-28 -,330 ,009 61
miR-184 -,327 ,010 61
miR-183 ,324 ,011 61
miR-324-3p -,310 ,015 61
miR-130b ,317 ,016 57
miR-221 -,306 ,016 61
miR-185 -,293 ,022 61
miR-200c ,335 ,025 45
miR-10b ,286 ,026 61
miR-99b -,285 ,026 61
miR-182 ,293 ,027 57
miR-383 -,281 ,030 60
miR-597 =277 ,031 61
miR-483-5p -,281 ,031 59
miR-885-5p -,275 ,032 61
miR-152 -,275 ,032 61
miR-27b -,274 ,032 61
miR-224 -,287 ,033 55
miR-95 -,268 ,037 61
miR-200c ,268 ,037 61
miR-7 ,267 ,037 61
miR-374b -,298 ,037 49
miR-548e ,363 ,041 32
miR-99a -,263 ,043 60
miR-21 -,259 ,044 61
miR-140-3p -,256 ,047 61

Analysis of creatine kinase (second measurement) in the whole study group

miRNA Correlation coefficient p-value N

miR-140 ,510 ,000 58
miR-548E -,612 ,000 31
miR-126 ,398 ,002 57
miR-934 -,445 ,004 41
miR-186 ,355 ,006 58
miR-638 ,370 ,010 48
miR-140-3p ,295 ,025 58
let-7a ,343 ,026 42
miR-627 -,322 ,027 47
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miR-592 -,290 ,027 58
miR-374b ,306 ,037 47
miR-624 273 ,040 57
let-7a -,269 ,041 58
miR-548d ,313 ,044 42
miR-206 ,260 ,046 59
miR-107 -,273 ,048 53
Analysis of HDL (first measurement) in the whole study group

miRNA Correlation coefficient p-value N

miR-485-3p ,522 ,000 51

miR-576-3p ,468 ,000 59

miR-30c ,399 ,002 59

miR-708 ,391 ,002 59

miR-504 ,378 ,003 59

miR-642 ,370 ,004 59

miR-432 -, 377 ,005 55

miR-34c ,360 ,005 59

miR-320 ,358 ,005 59

miR-484 ,355 ,006 59

miR-512-3p ,360 ,006 57

miR-212 ,354 ,006 59

miR-671-3p ,353 ,006 59

miR-216b ,352 ,007 58

miR-339-5p ,348 ,007 59

miR-28-3p ,346 ,007 59

miR-328 ,340 ,008 59

miR-330 ,338 ,009 59

miR-625 ,329 ,012 57

miR-296 ,335 ,013 54

miR-193a-5p ,323 ,013 58

miR-31 ,320 ,013 59

miR-491 ,310 ,017 59

miR-339-3p ,309 ,018 58

miR-511 ,306 ,018 59

miR-376a -,309 ,020 57

miR-574-3p ,303 ,021 58

miR-191 ,299 ,022 59

miR-550 ,404 ,022 32

miR-342-3p ,330 ,022 48

miR-501 ,339 ,023 45

miR-210 ,297 ,023 58

miR-885-5p ,293 ,024 59

miR-128a ,289 ,027 59

miR-345 ,288 ,027 59

miR-152 ,288 ,027 59

miR-197 ,289 ,028 58

miR-30d -,284 ,029 59

miR-25 ,266 ,042 59

miR-758 ,265 ,044 58

miR-193b ,261 ,046 59

miR-425-5p ,298 ,047 45

miR-125a-3p 257 ,050 59
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Analysis of change in PSA in the atorvastatin arm

miRNA Correlation coefficient p-value N

miR-34c -,680 ,000 29
miR-205 -,645 ,000 29
miR-132 716 ,000 22
miR-642 -,562 ,002 29
miR-1270 ,670 ,002 19
miR-517¢c -,564 ,002 27
miR-628-5p -,525 ,003 29
miR-922 611 ,004 20
miR-512-3p -,510 ,006 28
miR-1274A 491 ,006 30
miR-720 ,485 ,007 30
miR-638 ,542 ,008 23
miR-875-5p ,500 ,009 26
miR-130b 467 ,011 29
miR-34b -,466 ,011 29
miR-192 -, 457 ,011 30
miR-1275 454 ,012 30
miR-645 458 ,012 29
miR-24 -,458 ,013 29
miR-641 ,458 ,016 27
miR-1260 442 ,016 29
miR-326 -,438 ,018 29
miR-200a -,412 ,026 29
miR-16 410 ,027 29
miR-149 -,406 ,029 29
miR-143 421 ,036 25
miR-1274B ,382 ,037 30
miR-452 -,395 ,037 28
miR-92a ,383 ,040 29
miR-29a -,376 ,048 28

Analysis of change in PSA in the atorvastatin arm

Change in total cholesterol  Correlation coefficient p-value N

miR-138 ,672 ,000 29
miR-216a ,674 ,002 18
miR-582-5p -,540 ,003 28
miR-508 ,589 ,003 23
miR-29b-2 ,515 ,004 30
let-7e ,508 ,004 30
miR-361-3p 478 ,007 30
miR-652 484 ,008 29
miR-485-3p ,511 ,009 25
miR-31 437 ,016 30
miR-944 435 ,016 30
miR-125b ,435 ,018 29
miR-193a-3p -,435 ,018 29
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miR-491-3p ,564 ,018 17
miR-624 -,426 ,021 29
let-7i -,416 ,022 30
miR-369-3p 417 ,025 29
miR-26a 416 ,025 29
miR-155 -412 ,026 29
miR-302b -,480 ,028 21
miR-455 ,404 ,030 29
miR-487b ,401 ,035 28
miR-671-3p ,393 ,035 29
miR-124a ,438 ,037 23
miR-135b ,390 ,037 29
miR-520f -,480 ,037 19
miR-1179 -,379 ,039 30
miR-296 ,423 ,040 24
miR-564 ,391 ,040 28
miR-194 -,378 ,043 29
miR-10a ,373 ,046 29
miR-545 ,420 ,046 23
Analysis of PSA (second measurement) in the placebo arm

PSA (second measurement) Correlation coefficient p-value N
miR-627 ,739 ,000 23
miR-616 ,690 ,002 18
miR-491 ,560 ,002 28
miR-153 ,588 ,002 25
miR-576-3p ,515 ,004 29
miR-130a -,659 ,006 16
miR-191 ,493 ,007 29
miR-635 ,561 ,008 21
miR-375 ,451 ,014 29
miR-93 ,454 ,015 28
miR-23a ,469 ,016 26
miR-641 -,484 ,017 24
miR-629 437 ,018 29
miR-28-3p ,435 ,018 29
miR-17 432 ,019 29
miR-671-3p ,428 ,021 29
miR-337-3p -412 ,026 29
miR-142-5p -,408 ,028 29
miR-149 ,398 ,033 29
miR-210 ,397 ,033 29
miR-20b ,397 ,033 29
miR-22 -,391 ,036 29
miR-183 ,398 ,036 28
miR-484 ,391 ,036 29
miR-126 -,388 ,037 29
miR-324-3p ,381 ,041 29
miR-10b ,381 ,041 29
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miR-139-3p ,383 ,044 28
miR-106a ,375 ,045 29
miR-100 -,371 ,048 29
Analysis of HDL (second measurement) in the placebo arm

HDL (second measurement) Correlation coefficient p-value N
miR-576-3p ,683 ,000 28
miR-550 ,893 ,000 12
miR-564 -,569 ,002 27
miR-216b ,547 ,003 28
miR-425-5p ,582 ,004 23
miR-212 ,530 ,004 28
miR-206 -,509 ,006 28
miR-346 ,603 ,006 19
miR-656 -,502 ,006 28
miR-30c ,502 ,006 28
miR-106a ,498 ,007 28
miR-337-3p -,495 ,007 28
miR-484 ,488 ,008 28
miR-339-3p ,487 ,009 28
miR-129 ,482 ,011 27
miR-511 471 ,011 28
miR-339-5p ,468 ,012 28
miR-10a - 477 ,014 26
miR-181a-2 -,460 ,014 28
miR-28-3p ,458 ,014 28
miR-9 ,457 ,015 28
miR-106b -,523 ,015 21
miR-25 ,442 ,018 28
miR-708 ,440 ,019 28
miR-10b ,439 ,019 28
miR-296 ,432 ,022 28
miR-130a -,559 ,024 16
miR-194 ,431 ,025 27
miR-512-3p 423 ,028 27
miR-589 ,410 ,030 28
miR-193b ,408 ,031 28
miR-377 - 477 ,034 20
miR-501 ,439 ,036 23
miR-7-2 -,429 ,037 24
miR-650 - 411 ,037 26
miR-125b -,392 ,039 28
miR-34c ,389 ,041 28
miR-891a ,388 ,041 28
miR-604 -,428 ,041 23
let-7f-2 -,385 ,043 28
miR-425 378 ,047 28
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Analysis of height in the placebo arm

Height Correlation coefficient  p-value N

miR-92a-1 ,691 ,000 26
miR-324-3p -517 ,003 30
miR-422a -,492 ,006 30
miR-664 472 ,008 30
miR-148b -,468 ,009 30
miR-374-5p -,470 ,010 29
miR-874 -,468 ,011 29
miR-22 -,433 ,017 30
miR-369-3p -,393 ,035 29
miR-186 -,498 ,042 17
miR-888 -,385 ,047 27

Supplementary Table S2.

All pathways significantly enriched by the targets of miRNAs of interest.

MiR-140-5p

Pathway Target genes P-value Total genes % of total
enriched in in pathway genes in
pathway pathway

hsa04115:p53 signaling pathway 14 0,007 67 20,9

hsa00604:Glycosphingolipid 6 0,009 15 40

biosynthesis - ganglio series

hsa04931:Insulin resistance 19 0,010 108 17,6

hsa04920:Adipocytokine 14 0,011 70 20

signaling pathway

hsa04390:Hippo signhaling 24 0,011 151 15,9

pathway

hsa05152:Tuberculosis 27 0,012 177 15,3

hsa05200:Pathways in cancer 50 0,017 393 12,7

hsa04911:Insulin secretion 15 0,023 85 17,6

hsa04151:PI3K-Akt signaling 44 0,025 345 12,8

pathway

hsa04728:Dopaminergic synapse 20 0,026 128 15,6

hsa00061:Fatty acid biosynthesis 5 0,026 13 38,5

hsa04015:Rap1 signaling 29 0,030 210 13,8

pathway

hsa05340:Primary 8 0,033 34 23,5

immunodeficiency

hsa00603:Glycosphingolipid 5 0,034 14 35,7

biosynthesis - globo series

hsa04915:Estrogen signaling 16 0,038 99 16,2

pathway

hsa05031:Amphetamine 12 0,038 66 18,2

addiction

hsa04720:Long-term potentiation 12 0,038 66 18,2
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hsa04024:cAMP signaling 27 0,042 198 13,6

pathway

hsa02010:ABC transporters 9 0,046 44 20,5

hsa04261:Adrenergic signaling in 21 0,047 146 14,4

cardiomyocytes

MiR-485-3p

Pathway Target genes enriched P-value Total genesin % of total genes in
in pathway pathway pathway

hsa04010:MAPK signaling 22 0,006 255 17,6

pathway

hsa04370:VEGF signaling 8 0,020 61 8,6

pathway

hsa04924:Renin secretion 8 0,026 64 13,1

hsa05205:Proteoglycans 16 0,039 200 12,5

in cancer

hsa05223:Non-small cell 7 0,041 56 8

lung cancer

hsa04310:Wnt signaling 12 0,050 138 12,5

pathway

MiR-34c-5p
Pathway Target genes P-value Total % of total
enriched in genes in genes in
pathway pathway pathway

hsa04919:Thyroid hormone signaling 28 3,00E-04 114 24,6

pathway

hsa04015:Rap1 signaling pathway 40 0,003 210 19,0

hsa05220:Chronic myeloid leukemia 18 0,004 72 25,0

hsa04020:Calcium signaling pathway 34 0,007 179 19,0

hsa04540:Gap junction 20 0,007 88 22,7

hsa05215:Prostate cancer 20 0,007 88 22,7

hsa04261:Adrenergic signaling in 29 0,007 146 19,9

cardiomyocytes

hsa04022:cGMP-PKG signaling pathway 32 0,007 166 19,3

hsa04360:Axon guidance 26 0,007 127 20,5

hsa04144:Endocytosis 45 0,008 258 17,4

hsa05200:Pathways in cancer 63 0,011 393 16,0

hsa04921:0Oxytocin signaling pathway 30 0,011 158 19,0

hsa04612:Antigen processing and 17 0,016 76 224

presentation

hsa04520:Adherens junction 16 0,018 71 22,5

hsa05212:Pancreatic cancer 15 0,019 65 231

hsa05100:Bacterial invasion of epithelial 17 0,020 78 21,8

cells

hsa05161:Hepatitis B 27 0,021 145 18,6

hsa04915:Estrogen signaling pathway 20 0,023 99 20,2
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hsa00532:Glycosaminoglycan 7 0,025 20 35,0
biosynthesis - chondroitin sulfate /
dermatan sulfate
hsa04010:MAPK signaling pathway 42 0,026 255 16,5
hsa04925:Aldosterone synthesis and 17 0,028 81 21,0
secretion
hsa04514:Cell adhesion molecules 26 0,028 142 18,3
(CAMSs)
hsa05210:Colorectal cancer 14 0,029 62 22,6
hsa04390:Hippo signaling pathway 27 0,033 151 17,9
hsa04918:Thyroid hormone synthesis 15 0,034 151 9,9
hsa04350:TGF-beta signaling pathway 17 0,037 84 20,2
hsa04070:Phosphatidylinositol signaling 19 0,039 98 19,4
system
hsa04080:Neuroactive ligand-receptor 44 0,039 277 15,9
interaction
hsa05214:Glioma 14 0,040 65 21,5
hsa04024:cAMP signaling pathway 33 0,043 198 16,7
hsa05216:Thyroid cancer 8 0,050 29 27,6
MiR-138-5p
Pathway Target genes P-value Total genes % of total
enriched in in pathway genes in
pathway pathway
hsa04911:Insulin secretion 26 0,000 85 30,6
hsa04024:cAMP signaling pathway 38 0,000 198 19,1
hsa04310:Wnt signaling pathway 29 0,000 138 21
hsa04919:Thyroid hormone 25 0,000 114 21,9
signaling pathway
hsa05221:Acute myeloid leukemia 15 0,001 56 26,8
hsa05200:Pathways in cancer 60 0,001 393 15,3
hsa04261:Adrenergic signaling in 27 0,003 146 18,5
cardiomyocytes
hsa04961:Endocrine and other 12 0,004 45 26,7
factor-regulated calcium
reabsorption
hsa04970:Salivary secretion 18 0,005 86 20,9
hsa04360:Axon guidance 23 0,008 127 18,1
hsa04713:Circadian entrainment 18 0,014 95 18,9
hsa04340:Hedgehog signaling 8 0,016 27 29,6
pathway
hsa05110:Vibrio cholerae infection 12 0,016 53 22,6
hsa04142:Lysosome 21 0,019 121 17,4
hsa04724:Glutamatergic synapse 20 0,020 114 17,5
hsa04916:Melanogenesis 18 0,022 100 18,0
hsa04931:Insulin resistance 19 0,023 108 17,6
hsa04010:MAPK signaling pathway 37 0,025 255 14,5
hsa05166:HTLV-I infection 37 0,026 256 14,5
hsa04152:AMPK signaling pathway 20 0,038 122 16,4
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hsa05032:Morphine addiction 16 0,039 91 17,6

hsa04922:Glucagon signaling 17 0,040 99 17,2

pathway

hsa04666:Fc gamma R-mediated 15 0,042 84 17,9

phagocytosis

hsa05150:Staphylococcus aureus 11 0,043 54 20,4

infection

hsa04976:Bile secretion 13 0,043 69 18,8

hsa04920:Adipocytokine signaling 13 0,047 70 18,6

pathway

hsa04918:Thyroid hormone 13 0,047 70 18,6

synthesis

hsa04330:Notch signaling pathway 10 0,049 48 20,8
MiR-627

Pathway Target genes P-value Total genes % of total

enriched in in pathway genes in
pathway pathway

hsa04140:Regulation of 9 0,000 39 23,1

autophagy

hsa04151:PI3K-Akt signaling 25 0,000 345 7,2

pathway

hsa04622:RIG-I-like receptor 10 0,000 70 14,3

signaling pathway

hsa05168:Herpes simplex 16 0,000 183 8,7

infection

hsa04060:Cytokine-cytokine 18 0,000 230 7,8

receptor interaction

hsa04623:Cytosolic DNA- 9 0,000 64 14,1

sensing pathway

hsa05320:Autoimmune thyroid 8 0,001 52 15,4

disease

hsa04650:Natural killer cell 11 0,003 122 9

mediated cytotoxicity

hsa05161:Hepatitis B 12 0,003 145 8,3

hsa04620:Toll-like receptor 10 0,003 106 9,4

signaling pathway

hsa05164:Influenza A 13 0,004 174 7,5

hsa04015:Rap1 signaling 14 0,007 210 6,7

pathway

hsa05162:Measles 10 0,014 133 7,5

hsa05143:African 5 0,014 33 15,2

trypanosomiasis

hsa05200:Pathways in cancer 20 0,017 393 5,1

hsa04630:Jak-STAT signaling 10 0,023 145 6,9

pathway

hsa04014:Ras signaling 13 0,029 226 5,8

pathway

hsa05160:Hepatitis C 9 0,037 133 6,8
MiR-576-3p
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Pathway Target genes P-value Total genes % of total
enriched in in pathway genes in
pathway pathway

hsa04919:Thyroid hormone signaling 13 0,001 114 11,4

pathway

hsa04310:Wnt signaling pathway 14 0,001 138 10,1

hsa04550:Signaling pathways 12 0,010 140 8,6

regulating pluripotency of stem cells

hsa04152:AMPK signaling pathway 11 0,010 122 9

hsa04918:Thyroid hormone synthesis 8 0,011 70 11,4

hsa04668:TNF signaling pathway 10 0,012 106 9,4

hsa04722:Neurotrophin signaling 10 0,024 120 8,3

pathway

hsa04071:Sphingolipid signaling 10 0,024 120 8,3

pathway

hsa04146:Peroxisome 8 0,026 83 9,6

hsa04261:Adrenergic signaling in 11 0,032 146 7,5

cardiomyocytes

hsa04931:Insulin resistance 9 0,035 108 8,3

hsa04728:Dopaminergic synapse 10 0,035 128 7,8
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